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Symt 


Summation of all external horizontal 
including foundation reactions 




o i^J:-UCT:ur( 


p 

F(t) 


Pressure factor for underground burst 
Normal component of total passive resistance force (kips) 


ad 


% —or — / 

Load applied to a structural element or system as function of tj 
Fiber stress (psl) 

Column critical buckling stress (psi) 

Average stress at design level due to axial load (psi) 




Dynamic yield strength for structural steel in comnositp 
construction only (psi) ^ 


Elastic buckling stress due to bending (psi) 


bd 
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MKlBum stress due to bending at design level for steel members 
subjected to axial load and bending (psi) embers 

Dynamic yield strength of steel (psi) 

wSoToJ^^Lr ^ nrultl-story structure as a 
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Initial static stress (psi) 
Lower static stress (psi) 


Dynamic yield strength for reinforcing steel for conmosltp 'honn, 
construction only (psi) ^ con 5 )osite beam 


f(t) 


Tensile strength of concrete (psi) 


^ applied to a structural element of system as a function of 


uy 


Upper static yield point stress (psi) 
fy Static yield point stress 

fl. ^3 Factors used in the design of tee beams 

'l fg(t) to thefirst, second, and g"" floors 

.. Of a multi-story building as a function of time 

atic ultimate compressive strength of concrete 
Dynamic ultimate coii5,ressive strength of concrete 
Solidity ratio of truss 
Shear modulus of elasticity (psi) 


dc 
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burst^ (point on ground below point of detonation of air 
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Acceleration of gravity 
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Equivaleirt impulse acting on the eq.uiTalent system (kip-sec) 

Total impulse of the external load on the floor mass (kip-sec) 

Total iii5)ulse of the external load (kip -sec) 

Height (ft) 

Story height (ft) 

ColTjmn height (ft) 

Height of a structure above ground (ft) 

Ifeximum thickness of channel flange (in.) 

Clear height of colvunn (ft) 

Height of the g^^ story of a multi-story building (ft) 

Clearing dimension for each portion of the subdivided front face 
of rectangular structiore with openings (ft) 

Clearing hei^t of a closed rectangular structure (ft) 

'^^j.-^iQal distance from roof to point under consideration for buried 
structure (ft) 

Weighted average buildup height of the exterior rear face of a 
rectangular structure with openings (ft) 

Weighted average clearing hei^t for the exterior front face of 
a rectangular structiare with openings (ft) 

Weighted average clearing height for the interior rear face of a 
rectangular structure with the openings (ft) 

Weighted average buildup height for the interior front face of a 
rectangular structure with openings (ft) 

( h 

Moment of inertia I in. or ft j 


/ 4 k\ 

Moment of inertia I in. or ft j 

Inertial force of "A" portion of two-way slab 

Average of the gross and transformed moments of inertia 


or ft 


^n= I 


(in.^ or ft^) 

Inertial force of "B" portion of two-way slab ^ 

Moment of inertia of the gross section ^in. or ft } ^ 

Moment of inertia of the transformed section ^in. or ft j 
Moment of inertia of rectangular section in concrete tee beam 
design ( in. 

Moment of inertia of tee section in concrete tee beam design ^in. ) 

^t^j Velocity iii5)ulse at time, t^ 

Mass moment of inertia of structure about axis of rotation "0" 

Ratio of distance between centroid of compression and centroid 
of tension to the depth, d 

Modulus of strain hardening 
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(KE) 

(KE), 






Kinetic energy 

Kinetic energy of the actual system 
Kinetic energy of the equivalent system 

Either load, mass, or load-mass factor for slab fixed on four £ 

(i = 1, 2, 2, 3 ) Stiffness influence coeffici 

(kips/ft) 

Load factor 

Load-mass factor 

Nfeiss factor 

Normal component of passive pressure coefficient accounting for 
the cohesive effect of any soil having an internal friction equ 
to ^ 

Normal component of passive pressure coefficient for any soil v 
internal friction angle equal to 0 and with zero wall friction 
developed 



K 

s 

KT 


K* 


K" 

k 


k 

c 




k 

e 

k 


ep 


1’ 


Normal conponent of passive pressure coefficient for any soil v 
internal friction angle equal to 0 and with maximum wall fricti 
developed 

Resistance factor 

Either load, mass, or load-mass factor for slab s Imply supporte 
on four sides 

Kiloton, 1000 tons 

Either load, mass, or load-mass factor for special edge conditi 

Ratio of the maximum average overpressure to the reflected over 
pressure existing on an inclined roof 

Beam equivalent length coefficient used in the design of steel 
beam colutfins 

Column length factor used in the design of steel columns and be 
columns 


Uips/ft)°^^^^^^' required to cause unit deflection of spr 

Soil pressure factor (psi) 

Soil constant for underground explosion (psi) 


Effective spring constant (kips/ft) 

Equivalent spring constant (kips/ft) 

Spring constant in the elasto-plastic range 

kg, ...kg... Spring constants for the first, second, and the g"*^^ 
stories of a multi-story building (kips/ft) 
Simplified notation of k 

g,g-l 
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th .1, • 111 

Spring constant of the coupling spring he^en the g and the r 


r .apring COIiaoaxio UJ. I'rrv, to ^ /^.N 

si floors of a malti-story building (kips/ft; 


Vt 

gi 

k , , 
gl 


k* = 
gi 


■gi 


"^i 

L’ 


M 


M 


cn 


M 


cp 




M 


dy 


M 


ed 


M 


m 


M 


fa 




‘fb 


M 


mn 


M 


mp 


k Spring constants of the springs connecting m^ with 
gn -mo ccoQ TH ^ EL * • • • • 


the masses m^, 


n 


Span length of beam or truss (ft) 

SrS*a r«L^*Sric2re in the direction of propagation 

2n^ oJ"rc^5SiJ-l segment along the cylinder a^ls (ft) 

Length of shear wall center to center of column steel 
Spacing of columns in each direction 

Distance from the outside of the front i^ce to the inside rear 
face of a rectangular structure with opening (, ) 

Distance from the front face of a rectangular structure to a point 
“d« cLslderatlon on the roof or sides In the directron of pro- 

se^tlonrrf iSo and maxinnsa moaent being considered 
(composite beams) 

Bending moment applied to a section i q^-^c 

Moment of forces on piles about their centroitol ^is 
Resisting moment of soil on the footing per unit width 

Bending moment at center line of a beam or slab 

Negative resisting moment in column per foot, flat slabs (kip-ft) 
positive resisting moment in column strip per foot, flat slabs 
(kip-ft) 

Maximum design moment in a member under axial load, P^ 

Dynamic bending moment 

Elastic dynamic buckling moment 

Maximum bending moment 

component In a plane perpendi^r to 

sisting moment along the fracture lines hounding area A, two 
vay slabs (kip-ft) 

slabs (kip-ft) 

Kegatlve resisting moment in middle strip per foot, flat slabs 
(kip-ft) 

Positive resisting moment in middle strip per foot, flat slabs 
(kip-ft) 
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Symbo] 


K 

^cn 

^cp 

“Pfa 


«Pfb 


«Rnn 

Vp 

M 

pos 

“ps 

*S>sa 

“psb 

<nb 

■^ab 


Negative bending moment at support 

Moment of all external forces on structure about axis of -ro+^+j 

iiQii •‘'Station 

Summation of external moments about the point of rotation ex- 
cluding footing projection moments 


Plastic resisting moment under bending only 

Negative plastic resisting moment in column strip per foot flat 
slabs (kip-ft) ' 

Positive plastic resisting moment in column strip per foot flat 
slabs (kip-ft) * 


Component of the total plastic bending moment capacity along the 
fracture line boundary of area "A" which is in a plane perpendic' 
ular to edge "a/' or the total positive plastic bending moment 
capacity for a section parallel to edge "a," two-way slabs (kip.fi 

Component of the total plastic bending moment cap)acity along the 
fracture line boundary of area "B" which is in a plane perpendic- 
ulAr to edge b, or the total positive plastic bending moment 
capacity for a section parallel to edge "b," two-way slabs (kip/fi 

Plastic resisting moment at centerline of beam or slab 

Negative plastic resisting moment in middle strip per foot flat 
slabs (kip-ft) * 


Positive plastic resisting moment in middle strip per foot, 
slaos 


flat 


Maximuni positive bending moment (kip-ft) 

Plastic resisting moment at support (kip-ft) 

Total negative plastic bending moment capacity along edge "a," 
two-way slabs (kip-ft) ^ ^ 

T^l negative plastic bending moment capacity along edge "b," 
two-way slabs (kip-ft) ^ > 

Yield resisting moment (kip-ft) 


Plastic resisting moment per unit of width of slab (kip-ft/ft) 

SMn^^two°mv^^T moi^nt capacity per unit width for short 

span, two-way slabs (kip-ft/ft) 


of edge moment capacity per unit width at 

dg for long span, two-way slabs (kip-ft/ft) 

of^edge moment capacity per unit width at 

eage b for short span, two-way slabs (kip-ft/ft) 
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Ml 


ni 

e 

m 

r 


m^, 

N 




P 


Moment at the intersection of the two-linear portions of the P vs M 
curve of a steel beam section (kip-ft) 

Theoretical plastic resisting moment (kip-ft) 

Mass per unit length (kip-sec^/ft^j 

Point mass (kip-sec' 

In concrete design: t^0.d3 

Total moving mass of structure and earth Included between footings 
Number of fundamental dimensional quantities 

(>- 


Mass of the equivalent system ^kip-sec‘'/ft^) 

Mass of structure considered to rotate as well as translate 
Total mass of the element or structural system under consideration 


(kip-sec Vft) 


(kip-sec^/ft) 


.m 


Total mass of the equivalent system I kip-sec 

th 

floors of a multi-story 


Mass of the first, second, and g 
® building 


Number of non-dimensional parameters 

Total number of shear connectors required between the points of 
zero and maximum moment of a composite beam 
Weighted number of piles in group 


Ratio of the length of fixed-edge perimeter to the total perimeter 

Ratio of the length of simply- supported perimeter to the total 
perimeter 


Number of columns in a story 

Ratio of modulus of elasticity of steel to modulus of elasticity 
of concrete 

Number of dimensional variables 
Number of stories in a multi -story frame 

Load or force (kips) 

Total dynamic load on slab (kips) 

Panel influence factor for shear walls 


P^ Total load on "A" portion of two-way slab (kips) 

P Average axial load acting on each of several coltmms of a frame 

(kips) 

P, , Local overpressure on the back face of a burled rectangular 
structure (psi) 

Pg Total load on "B" portion of two-way slab (kips) 

P^ Compression mode overpressxire (psi) 

P Uniform compressive pressure applied radially on arch 

C9i 

P^^ Uniform radial pressure that produces buckling of arch 
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Local overpressure nornial to the exterior surface of a cyiiinij 
segment (psi) 

Maximum axial load on column with given (kips) 

Reduced maximum axial load for long columns 

Deflection mode overpressure (psi) 

Total dynamic axial load 

Local overpress^are normal to the exterior face of a spherical 
dome (psi) 

Equivalent concentrated load for equivalent system (kips) 

Elastic dynamic buckling load (kips) 

Equivalent load on an element as a function of time 

Average value of P(t) for the far (or leeward) side of the arc 
(psi) 


dome 


^ed 

Pe(t) 


^front overpressure on the front face of a buried rectangular 

structure (psi) 


g 


Peak underground overpressure resulting at a given location fr 
an underground burst (psi) ^ 


n 


Total vertical load (blast plus static) on colu mn 

- I . 


Force acting at any time, t 


n 


fpsi^^ P(^) ^^he near (or windward) side of the 


Dynamic plastic axial load capacity of column 


refl 


dSeeffpSr^ overpressure for angle of incidence of 


r-a 






•sb 


(psi)^^^^^^^ incident shock wave when t-t^ = t 


side 




■ SO 


soi 


■ stag 


Initial peak incident overpressure (psi) 

stiictS?J?S'^JeSn^f (psif interior of 

whiS^thrmovl^^air^as existing in a region 

een brought corr 5 )letely to rest (psi) 

2a2loadJ 2ips) ^ "the vertical live i 


XVI 


mbols 

Symbols 

'leal 



^back 
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The time average of the total vertical load on the column in the 

time interval t < t < t 

ge gm 

Average overpressure on the exterior hack wall of a rectangular 
structure (psi) 

Average net overpressure acting on hack wall of a rectangular 
structure (psi) 



Peak value of the average overpressure on the exterior hack 
wall of a rectangular structure (psi) 


h 


)iii 


^end 

p 


Average ovei 3 )ressure on ‘the closed ends of a cylindrical segment 
(psi) 

Average net overpressure acting on front wall of a rectangular 
structure (psi) 


P . Average overpressure on the exterior of the front wall of a 
rectangular structure (psi) 

p. Average ovei^ressure on the interior front wall of a rectangular 

1 - ron structure with openings (psi) 


^i-refl 


Reflected shock wave average overpressure in the interior of a 
rectangular structure with openings (psi) 


'ch 


0 




II 

i 


P 


i-roof 


Average overpressure on the interior roof of a rectangular struc- 
ture with openings (psi) 


P. . , Average overpressure on the interior side walls of a rectangular 
i-si e structure with openings (psi) 

P . Net average horizontal overpressure exerted on a rectangular 
structure (psi) 

P Average net overpressure acting on the roof of a rectangular 

structure (psi) 

P Average overpressure on the front slope of a gable roof (psi) 

Average overpressure on the exterior of a rectangular structure 
(psi) 

P* Peak average overpressure on the front slope of the first gable 

of a multi-gabled roof (psi) 

P Average net overpressure acting inward on sidewall of rectangular 

structure (psi) 


■ side 


Average overpressure on the exterior side walls of a rectangular 
structure (psi) 


■1 


Axial load determined by the intersection of the two linear 
portions of the P vs M curve of a steel beam section (kips) 


P(t) Actual load on a structural element as a function of time 

p Ratio of tensile reinforcement in reinforced concrete members to 

concrete area, A /bd 

Uniformly-distributed load intensity 
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Sytttbc 


_o 

P 

P' 


Q 


<1 

Sn 


R, 


R 


dc 


R 


R 


R 

E 

R 


gi 


gm 


■go 


gt 


m 


R 


mA 


Critical steel ratio for reinforced concrete member 
Equivalent static load for an arch (psi) 

Ratio of volume of spiral reinforcement to the volume of the 
concrete core (out-to-out of spirals) of a spirally reinforced 
concrete column 

Ratio of compressive reinforcement in beams to the concrete area 
A’ /hd 


Statical moment of the section about the centroidal axis 
Strength of a shear connector in composite construction 

Radiant energy on a unit area (cal/cm^) 

Unit drag pressure produced by the incident shock wave (nsil 


Dynamic design bearing pressure on soil ^kips/ft'" ) 


Maximum beariig pressure on soil ^kips/ft‘'j 


Maximum unit drag pressure produced by the incident shock wave 
(psi) 


Radius of a spherical dome 

Total resistance of structural element or structural system (kips 
Dosage of gamma radiation (roentgens) 

Crater radius (ft) 


(kips) 


Total resistance of "A" portion of two-way slab; 

Crater radius (ft) 

Horizontal static load resistance of shear wall at first cracking 

Horizontal dynamic load resistance of shear wall at first crackir 

Reynolds number of the high velocity wind in the incident shock 
wave 

Resistance of the equivalent system (kips) 

Siii5)lified notation of Rg^g_ 3 _^ the resistance function developed 


between the g and (g-1)^^ floors of a multi -story building 


The average value of R in the time interval from 0 to t’ 


th .th 

and the i floors 


Resistance function developed between the 
of a multi-story building (kips) 

resistance of the g ^ story of a multi -story building 


Resistance developed in the spring which connects m to the grour 

g 


Total resistance acting on the floor mass (kips) 
Maximum resistance developed by a structural system (kips) 


Sfis fix?(Spsr two-way slabs where the 
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R 


me 

‘mf 


R 


u 


B. 


R 


'Im 

1 mA 


'imB 


Plastic resistance of the "B" portion of two-way slabs where the 
edge is fixed (kips) 

Maximum resistance of the equivalent system (kips) 

Fictitious maximum resistance (kips) 

Resistance of a structiiral element or system at time, t^ (kips) 

Horizontal latimate load resistance of a shear wall (kips) 

yield resistance of the structure (kips) 

Resistance in the elastic range (kips) 

Maximum resistance in the elastic range (kips) 

Maximum total resistance in the elastic range - "A" portion of 
two-way slabs (kips) 

Ifeximum total resistance in the elastic range - "B" portion of 
two-way slabs (kips) 


R(t) Resistance as a function of time 

R (t) Resistance of the g story columns as a function of time 

Tr (t)*l Time variation of the resistance of the equivalent single- 
L g J®! cLegree -of -freedom dynamic system for the g^^ story 

R^ Dosage of nuclear radiation without shielding (roentgens) 

R(x) Resistance as a function of displacement 

r Radius of gyration of section (in.) 

Resistance per \mit length of a beam or per unit area of slab 
Ratio of web reinforcement » A^bs 

Distance from point of explosion (ft) 

Roentgens 

Ratio of steel reinforcing placed pe 3 T)endicular to the steel beam 
(in composite construction) in excess of that required to cany 
the slab bending stresses 

"tb. 

R Average value of the resistance of the g story when the relative 

® displacCTient between the g^^ and the g-l"^^ story is ne^tive 


S Section modulus 

SE Strain energy absorption (kip-ft) 

(SE)^ Strain energy absorption of actual structure (kip-ft) 

(SE) Strain energy absorption of equivalent structure (kip-ft) 
e 

S' Section modulus about the weak axis 

s Coordinate axis at 14 - 5 ° angle to x axis in x-y plane 

Spacing of stirrups and spacing of ties in reinforced concrete 
members (in.) 
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Symbol! 


I 

T 


T 


n 


nd 


T 


ni 


^IX^ 



t 




Distance along s axis to centroid of loading (ft) 

Distance along s axis to centroid of ine3rtia force (ft) 

Duration of the external load (sec) 

Resultant tension force (kips) 

Fundamental period of vibration for complete spherical shell of 
centroid thickness (sec) 

Natural period of oscillation or fundamental period (sec) 

Lowest natural period of circular arch with pinned or fixed ends 
Natural period of the i^^ mode of oscillation (sec) 

Time or rise of a step -load (sec) 

... T Time duration of the external loads on the first, second, 


and g^^ floors of a multi-story building (sec) 



Time duration when the effective loads on the first, 
second, and g"^^ stories are negative (sec) 


Period of oscillation of a fictitious system representing the 
g^^ story (sec) 

Thickness of concrete slabs (in.) 

Thickness of flange of beams (in.) 

Time measured after the arrival of the incident shock wave (sec) 

Time variable 

Thickness of deep beam web 


Time of arrival, or time required for the shock wave to travel 
from the point of e:q)losion to the chosen location (sec) 

Average flange thickness of standard steel beam ( in. ) 


Time required for overpressure on the rear face of a closed 
rectangular structure to rise from zero to its maximum value (sec) 


Time required to clear the front face of a structure from the 
reflection effects (sec) 

Time displacement factor; the time required for the shock front 
to travel from the frontmost element of a structure to the point 
or sturface under consideration (sec) 

Time at which the limiting elastic deflection is reached 
Flange thickness of a WF steel beam (in.) 

Time at which the limiting elastic deflection of the story 
is reached 


^m required for the vortex generated at the front face of a 

structure to travel a distance L' across the structure (sec) 
Time required for maximum displacement of element or structure 
to occur (sec) 

t© Duration of the positive phase of the incident shock wave (sec) 
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t* 

c 




Time of rise; time required for the overpressure in the incident 
shock wave to rise from zero to its maocimum value ( sec) 

Thickness of stiffener (in.) 

Time required for the shock to pass over the length of the 
structure (sec) 

Time of rise of an umderground overpressixre pulse (sec) 

Web thickness of a steel beam or channel (in.) 

Time required to reach yield point of material (sec) 

t„...t , t , Time sequence 
2 iH-l 

t ...t Time at which the maximum absolute displacements of the 
2m gm second and g"^^ floor masses are reached 

Time required for the overpressure on the exterior rear face of 
a rectangular structure with openings to rise from zero to its 
maximum value (sec) 

Time required to clear the front face of a structirre with openings 
from reflection effects (sec) 

t’ Time at which the relative displacements and respectively, 

® are eqiial to zero 


t- Time immediately before t 

n n 

t+ Time immediately after t 

n n 

t. Time lag 

lag 

At Time interval used in numerical analysis 

At = t , - t A time interval 
n nfl n 

U Velocity of the incident shock front (fps) 

o 

U Velocity of the shock front of the shock wave formed in the 

interior of a rectangular structure with openings (fps) 

u Particle velocity in the incident shock wave (fps) 

Bond stress per unit of surface area of bar in reinforced con- 
crete design (psi) 


V Dynamic reaction (kips) 

Total shear (kips) 

Total vertical force on piles 

V^ Total dynamic reaction along one edge "a," two-way slabs (kips) 

V Average vertical shear in length, L’ (kips) 

Vg Total dynamic reaction along one edge "b," two-way slabs (kips) 

V Total column load in flat slab design (kips) 

c 

V Maximum shear capacity of web of deep beam section 
m 

V Maximum vertical shear force (kips) 
max 
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V 


<iy 


m- 

V = 

n 



W 

a 

W 

e 

W 


W 


gm 


¥ 


m 



Vortex velocity (tps) 

Shear stress (psi) 

Dynamic shear yield strength 

= Vg(t^) Velocity of the floor at time, t^ 

ttoximum shearing stress (psi) 
v(t^) Velocity at time, t^ 

Velocity at t+ 

Velocity at t^ 

Horizontal velocity of axis of rotation "0" 

Velocity of mass at time t^ 

Static shear yield strength of steel (psi) 

Average unit shear stress in concrete (psi) 

Velocity as a function of time 

Total energy yield of an atomic bomb expressed KT of TNT 
required for an equivalent total energy yield 
Weight (lbs) 

Total load on element of structure (kips) 

Work done (ft-lbs) 

Dynamic peak blast load 

Work done on the actual system (ft-kips) 

Work done on the equivalent system (ft-kips) 

■f*V» 

Maximum work done on the g floor mass (ft-kips) 

■h Vi 

Absolute maximum work done on the g floor mass (ft-lbs) 

Maximum work done on the equivalent system by the equivalent lo£ 
Fictitious maximum work done on the equivalent system 
Work done as a function of time 


w Uniformly distributed load (kips/ft) 

Length of channel shear connector ( in. ) 

Width of front face of rectangular building (ft) 

Weighting factor for vertical and batter piles 

X Relative displacement in a story of a multi -story building (ft) 

^gm Maximum relative displacement in the g^^ story (ft) 

‘displacement of the mass g when the average external 
loads are applied statically 

1 > 2 ^ ^®daiive displacement in the first, second, and g^^ stories 

of a multi-story building (ft), X = x x 

g g g-1 
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X 


"fell 

Limiting elastic relative displacement for the g story column 
(ft) 

Distance the incident shock wave travels after impingi^ on the 
frontmost element of a cylindrical segment or spherical dome to 
any point heing considered /j,. \ 

Deflection of a structural element or system (.ft; 

Distance of any pile from the centroidal axis 


e 

^f 

X 

ge 

X 

gm 


Collapse deflection 
Limiting elastic deflection (ft) 


Forced solution of a dynamic system for a given external load 

"ttl 

Absolute displacement of the g floor^at time t^^ 

Maximum absolute displacement of the g floor (ft) 

X X Absolute displacements of the g^^ floor at time, 

■g,n-l^ g,n' g,n^l ^ _ t , and t , 

n-1^ n-' nfl 

Maximum displacement (ft) 

, X , X , Displacement at time t t^, and t^^, respectively 

n-l' n' n+l 

: Initial displacement (ft) 

° Horizontal displacement of axis of rotation 0 

: Displacement of an elastic system subjected to the peak load B 

® acting statically (ft) 

c(t ^ Displacement of a mass at time t^ 

c X , X Absolute displacement of the first, second, and g 
® of a multi-story building (ft) 

c Distance to centroid parallel to x axis (ft) 

ic Horizontal velocity of axis of rotation 0 


floors 



Horizontal acceleration of axis of rotation 0 

Acceleration in the x direction ^ft/sec j 

Displacement or deflection of a structural system (ft) 

Deflection of actual element (ft) 

Midspan deflection of actual element (ft) 

Midspan deflection (ft) 

Limiting elastic deflection (ft) 

Deflection of equivalent system (ft) 

Limiting deflection in the elasto -plastic range (ft) 

Maximum displacement (ft) 

Displacement at time, t^ (ft) 
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a 


Vertical distance from axis of rotation "0" to mass centroid of 
rotating mass, of structure 

Deflection at midspan of colimm strip - flat slab (ft) 

Deflection at midspan of middle strip - flat slab (ft) 

Maximum elastic range deflection (ft) 

Maximum elasto -plastic range deflection (ft) 

Distance to the centroid parallel to y axis (ft) 

Vertical distance from axis of rotation "0" to mass centroid of 
total moving mass, m 

Acceleration in the y direction (ft/ sec^ ) 

Velocity in the y direction (ft/sec) 


Velocity of displacement of the center of the beam (ft/sec) 
Increment of displacement (ft) 

Plastic modulus of the cross section (in.^) 

Plastic modulus of the cross section in the weak direction (in/ 

Depth of the resultant compressive force in concrete tee beam 

Angle of incidence between the normal to the surface and the 
direction of propagation of the blast wave (degrees) 

Central angle of the arch 

Deflection coefficient for two-way slabs 

Design load ductility reduction factor 


Angular acceleration of 
(radians/sec^j 


structure about axis 


Dimensionless ratio = 0.5P /l4.7 
Ductility ratio 


of rotation "O" 


deflection due to the application of a unit load 


Shear wall lateral deflection at first cracking 

Sub-aiea clearing factor for rectangular structures with opening 

^t/Sp)^^^^ deflection due to the application of a unit load 


Shear wall lateral deflection at ultimate resistance 
Deflection at theoretical yield (ft) 

inclination to the horizontal of a gabled roof (degr* 
of n define the location of a point on the surfa( 

Prifl vo+o+'^ rical segment or a spherical dome (degrees) 

End rotation of structural element 
Angular displacement 


XXIV 


■ymbols 


EM 1110-3^5-^13 
1 J\ily 59 


®c 

0 

O 

«T 



h 


Joint rotation at bottom of coliJinn 
Rotation of beam at midspan (radians) 

Angular displacement of structoire about axis of rotation 0 
Joint rotation at top of coliimn 

Viscosity of air in the incident stock wave y Ib-sec/ft j 
Coefficient of friction 

Poisson's ratio / 2 

Mass density of air in the incident stock wave ^lb-sec /in. j 

Mass density of soil (ib-sec^/in. , or lb -sec /ft ] 

Critical buckling stress (psi) 

Parameter used to define the location of a point on the surface 

of a spherical dome . 

Phase angle in the transient res:^nse (radians; 

Internal friction angle (degrees) 

Phase angle of the 1*^ mode (radians) 

Unit weight of soil (ibs/cu. ft) 

Angular velocity of structure about axis of rotation "0" 
(radians/ sec ) 
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r„mals - Corps of Engineers 
U- S. Army 

ENGINEERING AND DESIGN 

DESIGN OF STRUCTURES TO RESIST THE EFFECTS OF ATOMIC WEAPONS 

WEAPONS EFFECTS DATA 

ITOEODUCnOIT 

3_01 PUBPOSE AKD SCOPE. This manual is one in a series issued for the 
guidance of engineers engaged in the design of pennanent type military 
structures required to resist the effects of atomic weapons. It is appli- 
cable to all Corps of Engineers activities and installations responsible 
for the design of military construction. 

material is based on the results of full scale atomic tests and 
analytical studies. The problem of designing structures to resist the ef- 
fects of atomic weapons is new and the methods of solution are still in the 
development stage. Continuing studies are in progress and sig)plemental 
material will be published as it is developed. 

The methods and procedures wei*e developed through the collaboration 
of many constiltants and specialists. Mich of the basic analytical work was 
done by the engineering firm of Ammann and V?hitney^ Hew York City^ under 
contract with the Chief of Engineers. The Massachusetts Institute of Tech- 
nology was responsible^ under another contract with the Chief of Engineers, 
for the compilation of material and for the further study and development 
of design methods and procedures. 

It is requested that any errors and deficiencies noted and any sxig- 
gestions for improvement be tr ansmi tted to the Office of the Chief of Engi- 
neers, Department of the Amny, Attention: ENGEB. 

3_02 p ’ME E FtE N CES. Manuals - Corps of Engineers - Engineering and Design, 
containing interrelated subject matter are listed as follows: 

DESIGN OF STRUCTURES TO RESIST THE EFFECTS 
OF ATOMIC WEAPONS 

EM 1110-3^5-413 Weapons Effects Data 

1110 - 345-^14 Strength of Materials and Structural Elements 
EM 1110 - 345-415 Principles of Dynamic Analysis and Design 

1 
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EM 1110-345-1^16 
EM 1110-345-417 
EM 1110-345-418 
EM 1110-345-419 
EM 1110-345-420 
EM 1110-345-421 


Structural Elements Subjected to Hynamic Loads 

Slugle-Story Frame Buildings 

Multl-'Story Frame Buildings 

Shear Wall Structures 

Arches and Domes 

Buried and Semlburied Structures 


jtererences 




■■■ ^ K^JLXKS. j 

text of this manual references are made to paragraphs, figures, eque 
and tables in the other manuals of this series in accordance with ti 
number designations as they appear in these manuals. The first part 
designation vhich precedes either a dash, or a decimal point, identl 
particular manual in the series as shown in the table following. 

“CTK/ 


EM 

1110-345-413 

1110-345-414 

1110-345-415 

1110-345-416 

1110-345-417 

1110-345-418 

1110-345-419 

1110-345-420 

1110-345-421 


paragraph 

3- 

4- 

5- 

6 - 

7- 

8 - 

9- 
10 - 
11 - 


flgure 

3. 

4. 

5. 

6 . 

7. 

8 . 

9. 

10 . 

11 . 



b. Bibliography. A bibliography is given at the end of the 

Items in the bibliography are referenced in the text by numbers inc, 
brackets. 

c. Mgt of Symbols. Definitions of the synibols used throu^. 
immil series are gliren In a list following the table of contents. 
3-03 B CISSIOK, , (Draft) EM 1110-31.5-1(13 (Part Joan - The Design 

Structures to Desist the Effects of Atomic Weapons, Chapter 3 - Wea, 
Effects Data.) 

3-04 mm. . Atomic weapons may be exploded in the air, at ground 
or at various depths below the ground surface. The types of protect 
s ructures whose design are covered in this series of manuals are su 

sld .=1 shallow buried structures. The major effects c 

ered in protection against atomic weapons are: 

(1) Air blast 

(2) Nuclear radiation 
k3; ilhermal radiation 

Cratering 
(5) Ground shock. 
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Underground burst and cratering cause insignificant effects on a 
structure unless the structure is in close proximity to the hurst. These 
effects have been given very limited coverage in this manual. 

The air b\irst is the major factor in the determination of the re- 
quired strength of a blast-resistant structure. To evaluate the loads on 
a structure it is necessary to develop the critical blast loading pattern, 
fl -hi VP to each e^^osure of the surface of the structure. Pressure in- 
tensities vill vary vith respect to time, reckoned from the Instant of 
arrival of the shock front. 

nuclear radiation is an lnrportant consideration in the design of 
protective structures. In some designs radiation shielding may govern the 
required thickness of concrete and earth cover vhereas the blast effects 
vill be the determining factor relative to the designs for structural 
strength and stability. Consideration should be given to both direct and 
residual radiation. Incendiary properties and heat Insulation from thermal 
radiation shou1<i be given attention in selecting suitable materials for 
construction of protective structures. 

3-05 BLAST WAVE FEEITOMENA.. a. Infinite Atmosphere. To sin^Jlify the 
presentation of air blast phenomena, the explosion in an atmosphere of in- 
finite extent is first considered. Almost immediately after the detonation 
occurs, the expansion of the hot gases initiates a pressure wave in the 
s\irrounding air as represented roughly by the curve in figure 3.1(a). This 
shows the general nature of the variation of the overpressure (pressure 
above atmospheric) with distance from the explosion at a given instant 
during the early stages of shock formtlon. As the pressure wave moves 
outward from the center of the explosion, the following, or inner, part 
moves thi*ough a region which has been previously compressed and heated by 
the leading, or outer, parts of the wave. The pressure wave moves with the 
velocity of sottnd, and Since this velocity Increases with the temperature 
and pressure of the air through which the wave is moving, the inner part of 
the wave moves more rapidly and gradually overtakes the outer part, as 
shown in figure 3 *1(13). The pressure wave front thus gets steeper and 
steeper, and within a very short period the pressure change becomes abrupt 
forming a shock front, as indicated in figure 3 * 1 ( 2 ). At the shock front 
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Dittoncf from Ctnttr of Explosion 
(b) 


Oistonct from Csnttr of Explosion 
(c) 


Figure 3* h Overpressure during 
early stages of shock 
front formation 


there is a sudden increase of pressure • 
I \ normal atmospheric to the peak shock 

I \ and the advancing shock front becomes a 

°1 V — wall of hl^ly con5)ressed air. 

Oistonct from Ctnttr of Explosion 

‘o’ Initially, in the hot central regj 

I \ the explosion the pressure exceeds atmos 

I \ by a factor of many himdred thousand. <i 

I \ pressure distribution behind the shock f 

DittoBc* from Ctnttr of Expio»ion is somewhat as illustrated in figure 3.1 

It shows the peak overpressinre at the sh 

I y,.^shock front, dropping rapidly in a relatively 

I front dis-tance to a value about one -half the s 

> 

°\ 1 front overpressure. The magnitude of th 

Oistonct from Ctnttr of Explosion 

(C) overpressure is essentially uniform in t 

Figure 3.1. Overpressure during central region of the explosion. 

expanelon proceeds, the pre 
distribution in the region behind the sb 
front gradually changes. The overpressure is no longer constant but ( 
off continuously nearer the center. At later times when the shock fr( 
has progressed some distance from the center, a drop in pressure takei 
place below the Initial atmospheric value at the center and a suction 
develops. The front of the blast wave weakens as it progresses outwB] 
and its velocity drops toward the velocity of sound in the undisturbec 
atmosphere. The sequence of events just described is depicted in fig 
3*2. This shows the overpressure dis- 
tribution in the blast wave as a func- 
tion of the distance from the explosion J 
at different stages in the expansion. 3 — ^ A » 

When the suction phase is well de- ^ /] U 

• ^ /I 

veloped, the overpressure in the blast ° 

wave resembles the heavily drawn curve ^ 

in figure 3.2. Ihe pressure variations . ^ 

in the blast wave from this time on can 

be considered in two different wav^ of overpressure 

ways as distance at various times 


Oisfanct from Conttr of Explosioi 


Figure 3,2, Variation of overpressi 
distance at various times 
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Shock Front 


Blast Wave 



Negotive Phose 


Positive Phase 


Distonce from Center of Explosion 

Figure 3,3. Variation of overpressure with 
distance at a given time 


shown in figures 3-3 aal 3 *^a. 

First, the heavy curve of figure . 

3 

3,2 has been redrawn in figure 3*3 to | 
show the variation of overpressure | 
with distance at a given time. The 
symbol represents the peak 

overpressure, or shock intensity, in 
pounds per square inch ahd repre- 

sents the velocity of the shock front 

in feet per second.. The arrows \mder the curve show the direction of move- 
ment of the air mass, or blast wind, in the positive and negative phases. 

The peak overpressure in the positive 
phase is b-tgb er than the maximum 
oveirpressure in the negative phase. 
Consequently, the blast wind is of 
higher velocity in the positive phase 

„ r/ ■ • r ^ ft, than in the negative, or suction, 

Figure 3.4a. Variation of overpressure with 4 ^ e, , 

time at a given location phase . 

Second, the pressure variations in the same wave may be considered 
at a point located a given distance from the explosion as indicated in 
figure 3 .it-'a, which shows the variation of overpressure with time at a fixed 
location. The symbol t is the time of arrival, or the time in seconds 

£l 

^ for the shock front to travel from the center of the explosion to the given 
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location, t is the diiration in seconds of the positive phase, and p 
' o 

is as previously defined. 

The rate of decay of the positive phase varies with respect to the 
magnitude of the peak overpressure. In figure 3*^b the rate of decays 
for various magnitudes of peak overpressures is expressed in terms of 
the ratio P/P to the ratio t/t , where P is the overpressure at 
time t after the arrival of the shock front. The peak negative over- 
pressure is approximately one-eighth of the peak positive overpressure 
the duration of the negative phase is approximately four times the 
duration of the positive phase of* the blast. 

The peak overpressure P^^ in free air before the shock front 
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Time Ratio, - . ^ 

•0 

Figure 3.4b. Overpressure decay 
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strikes the ground is a function of the distance from the point of hu 
and the yield of the weapon. Values for l-KT homh given in figure 3.! 
from, curves given in reference [36]. which are based on the suppositio: 
a contact surface burst of W kilotons energy is equivalent in blast 
characteristics to an explosion of 2W kilotons hi^ in the air and pr: 


to reflection. 

b. Eim'te Height of Burst. The discussion in the preceding pa: 
graph deals with the air blast from an atomic bomb exploded in an atmi 
phere of infinite extent. A discussion follows relative to the influ 
of the surface of the earth on propagation and attenuation of the air 
If the bomb is detonated at a hei^t h above the surface of t 
earth, the shock front will have the general configuration indicated 

figure 3*6 during the brief time i 



val before it impinges upon the su 
The shock front is the same as if ; 
gated in an atmosphere of infinite 
tent. 

A short time later the radiu 
the shock front becomes greater th 
h, and a portion of the shock fron 
impinges upon the earth's surface 


Figure 3. 6. Shock front before striking 
ground surface 

is reflected back, forming the reflected shock front illustrated in 
figure 3-T* The arrows at the incident and reflected shock fronts in 
the direction in which the blast waves 
are traveling. The location of the re- 
flected shock front is roughly deter- 
mined by drawing an arc with center lo- 
cated a distance h below the earth's 
surface and directly under the point of 
detonation, joining the points of inter- 
section of the incident shock front with 
the earth's surface. The symbol a 



Figure 3. 7. Shock front reflection 
ground surface, a less than 45° ± 

represents the angle of incidence of the shock front with the earth's 


face. The reflected shock front overpressure P is a function of 

r-a 
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incident shock overpressure and the angle of incidence a [po]. 

The reflected shock front in figure 3*7 travels through the atmos- 
phere at a higher velocity than the incident shock because it is traveling 
through a region of greater than atmospheric pressure and gradually over- 
takes and merges with it to fom a single shock front called the Mach Stem 
as shown in figure 3.8. The fused shock front thus formed is normal to and 
travels parallel to the earth's 
surface. The Mach Stem forma- 
tion is initiated when the 
angle of Incidence a of 
the shock front becomes greater 
than approximately 45 degrees. 

Once formed, the height of the 
Mach Stem gradually increases 
as the radius of the shock 
front becomes greater. 

The region on the earth's 
surface within which a is 

less than 45 degrees, and no Figure 3.8. Shock front re flection when a is 

Mach Stem is present, is called greater than 45°± 

the region of regular reflection, while the region for which o, is greater 
than 45 degrees and a Mach Stem is present is called the region of Mach re- 
flection. The importance of the Mach Stem phenomenon is that it results 
from the fusing of two shock fronts to form a single shock front of higher 
overpressure and of greater destructive potential to structures located in 
its path. 

The shock front velocity is a function of the peak overpressure 

P : its value for standard atmospheric conditions is plotted in figure 3*9* 
so 

The time of arrival t of the shock front at a given location is a func- 

a 

tion of the distance from the center of the explosion and the total energy 
yield of the weapon. The duration on the ground surface of the positive 
phase t^ of the blast wave is a function of the peak overpressure ^gQ 
and the total energy yield of the weapon. Values of the duration of the 
positive phase are plotted in figure 3»10S' snd in figure 3* 10^* 
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Reflected overpressure ratio plotted in figure 3 . 11 as 

a function of the angle of incidence a of the shock front. This figure 
applies to an inclined shock front striking the earth’s surface or to a 
vertical shock front striking a reflecting surface such as a wall of 


structure . 

The peak oveipressure P in the blast wave (shock front overpres- 
sure) at the ground surface plotted against distance from ground zero for 
various bomb sizes is given in figure 3.12a for a typical air burst and in 
figure 3.12b for a surface burst. The typical air burst is at a hei^t 
above the ground which will maximize the target area covered by the 12-psi 
blast pressure level. This height probably cannot be attained by maimed 
aircraft for the larger size bombs. 

For other heights of burst P may be obtained from charts in 

SO 

reference [49 ] , where the peak oveipressure is plotted as a function of the 


height of burst and the horizontal distance from ground zero. 

TTiP variation of the oveipressure in the blast wave on the ground 
with time can be determined in the same manner as for the bomb burst in an 
infinite homogeneous atmosphere. Equation 3.1 plotted as figure 3 . 4 d is 
valid for ideal wave shapes which occur at approximately 10 psi or lower. 

-t/t 

P = P (1 - t/t )e ° 
s so ' o' 


(3.1) 


For higher overpressure levels the variation of overpressure with time at 
the ground level is usually irregular, due to thermal effects and to other 
modifying influences of the ground surface. Reference [ 4 - 9 ] contains data 
on these irregular wave forms. However, due to lack of data and the com- 
plexity of calculations involving irregular wave forms, the ideal wave forms 
that are given in figure 3 *40 should be used for practical design purposes. 

The dynamic pressure q due to the motion of the air particles in 
the blast wave is given by the relation q = where p is the mass 

per unit volume of the air and ■■a is the velocity of the air particles. 

The peak values of q at the groimd surface plotted against distance from 
ground zero for various bomb sizes are given in figure 3 . 23 h The peak 
values of q plotted against the peak overpressure P^^ are given in 
figure 3.23a 
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Figure 3.IL Reflected overpressure ratio vs angle of inciden 
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The rate of decay of the dynamic pressure is a function of the peak 
oveipressure. Figure 3.4d shows variation in dynamic pressures for ranges 
of overpressures as a function of q/ q.gQ fraction of time t/t^j 

where P is the overpressure and is the peak dynamic pressure and 

q is the dynamic pressure at time t , after the arrival of the shock 


front. 


3_06 scaling blast PHEEOMEEA.. It has been found that air blast phenomena 
such as the pressure and duration at different distances are related, for 
different strength bombs, accordiixg to the ratio of the cube root of the 
yield expressed in TNT. These relations are referred to as scaling laws. 

These scaling laws state that if a given peak overpressure is experi- 
enced at distance r^ from an explosion of a bomb of total energy yield 
the same peak overpressure will be experienced at distance r^ from 
the explosion of a bomb of total energy yield where: 


r 


2 



(3.2) 


The same scaling laws also state that while the peak pressures from 
^ the two bombs are equal to the two radii r^ and r^ , the durations of 
the blast pressure waves at the two points are different. If the duration 
J of the positive phase of the pressure wave from the first bomb is t^^ at 

of the pressure wave 


radius 


r^ the duration of the positive phase 


^o2 


from the second bomb at distance r^ 


t ^ = t , 
o2 ol 


will be: 

1/3 




(3.3) 


LOADING ON EECTANGULAP STBUCTUEES WZEHOUT OPENINGS 


3-07 LOADING ON STBUCTUEES. The manner in which the blast wave loads a 
structure varies with the ratio of the distance of the structure from 
ground zero to the height of the burst. The loading on a structure located 
within the region of regular reflection (figure 3 •13) is greatly different 
in character from that for a structure located beyond this region. Since 
little or no data are available within the region of regular reflection and 
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Reflected 




Figure 3*13» Structure located in region Figure 3, 14. Structure located in 

of regular reflection of Mach reflection 

since a surface structure located in this region would he subject tc 

Mgb. overpressure as to preclude a practical desigu^ the procedures 

detenoination of loads are restricted to surface structures located 

the region of re^ar reflection (figure 3.1^) where the Mach Stem i 

eno ug h to cover the structure. 

The problem is that of computing the loading on a structure du 
the impingement upon it of a blast wave traveling parallel to the su 
of the earth. The structure is considered as being oriented with or 
normal to the direction of propagation of the shock wave, since suet 
orientation produces the most severe loading on the structural eleme 
For the design of a structure so located, it is necessary to predict 
overpressures which would exist on various portions of the structure 
function of time t measured after the shock front strikes the fror 
The procedures developed in the following paragraphs for the d 
mination of the loads on different types of structures are based on 
mental results obtained from TNT and atomic explosions and from shoe 
data. The computational methods presented are based on an interpret 
of these experimental resxilts and the equations given in connection 
the loadings on a structure result from curve- fitting of measured de 
should not be regarded as representing the development of any new tl 
Nevertheless, every attempt has been made to make the empirical rels 
ships consistent with such theory as now exists. 

The following paragraphs are devoted to a general presentatior 
procedures for the determination of the loads on structures of varic 
types. Pertinent quantities are introduced and explained, and justi 
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for the methods employed is given as veil as the bases for their concep- 
tion. The general presentation for each type of structure is folloved by a 
paragraph giving a step-by-step procedure by vhich the loads can be com- 
puted. Illustrative numerical examples are presented for the closed 
rectangular stjructures. 

In using procedures presented herein, inconsistencies in loads com- 
puted may be encountered, particularly in the case of buried and semiburxed 
structures and vith peak overpressures greater than 25 psi. The lack of 
experimental data and an adequate theory in these regions requires use of 
engineering judgment and some degree of conservatism. Extrapolation and 
use of load data for peak oveipressures greater than 25 psi are strictly 
an expediency and must be recognized as such by the engineer. 

a. Diffraction and Drag Loading. The loading on aboveground struc- 
tures resulting from the air blast produced by an air or surface burst may 
be considered to consist of a diffraction phase and a drag phase. 

The diffraction phase of the loading is the term given to the initi 
phase of the blast loading on a structure vhen the reflected pressures as- 
sociated vith the air blast are acting on the structure. The time required 
for the blast vave to surround the structure completely and the presence of 
large reflected pressures on the front vail cause net lateral loads to be 
exerted on the structure as a vhole in the direction of travel of the blast 
vave. The local and differential forces vhich act on the structure during 
the initial stages are defined as the diffraction phase loading. 

The drag phase of the loading is the term given to the second phase 
of the loading on a structure due to the mass and velocity of the air 
particles in the blast vave after the envelopment of the structure by the 
vave front and the reflection effects have decayed. This phase of the 
loading is most important on open structural framevorks and on structures 
having small dimensions such as stacks, poles, chimneys, etc. 

In general, the diffraction phase of the loading can be neglected and 
only the drag phase considered if the minimum dimension of the structure 
perpendicular to the direction of travel of the shock vave and the dimen- 
sion of the structure parallel to the direction of travel of the blast 
vave are less than approximately 5 Because of such short dimensions. 
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the duration, of the diffraction phase is very short. The larger the 
area the greater is the time required for the transient reflection ef 
to decay and reach the relatively steady condition of the drag phase, 
longer the duration of the reflection effects the more important is t: 
diffraction phase of the loading. In all cases except when a precurs' 
exists, the pressures on any portion of the structure existing during 
diffraction phase are greater than during the drag phase. 

Large quantities of heated dust may he raised hy the thermal ra( 
tion before the arrival of the blast wave. The air near the ground ii 
heated by the thermal radiation and this may cause a precursor wave t( 
ahead of the main shock. Test results indicate that when precursors : 
there is usually a dust- laden atmosphere present and the dynamic press 
are much larger than when there is no precursor. These high dynamic ] 
sures are usually observed in the high overpressure regions. 

3-08 LOADING ON CLOSED RECTAJJGULAE STRICTURES. The type of structure 
which the loading predictions of this section are applicable is illusi 
in figure 3 » 15 « The behavior of the blast wave upon striking a closec 
tangular structure is depicted in figure 3 -l 6 (a), (b), (c), and (d). 
figure illustrates the position of the shock front and the behavior oi 


reflected and diffracted waves at successive times during the passage 
the blast wave over the center, portion of the structure of figure 3.I5 


the shock front strikes the wall of the building (figure 3.16(a)) a re 


fleeted blast wave is formed nufl 
the oveipressure on this wall is 
raised to a value in excess of the 
peak oveipressure in the incident 
blast wave. This increased 



Figure 3.15. Closed rectangular 
structure 
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oveirressure is called the reflected oreipressure and is a function of the 
peak overpressure in the incident "blast wave and the angle of incidence 
the shock front with the front wall which is zero degree in this case. At 
the instant the reflected shock front is formed, the lower overpressure 
existing in the incident blast wave adjacent to the top edge of the front 
wall initiates a rarefaction wave (figure 3.16(b)), or a wave of lower 
overpressure than that which exists in the reflected blast wave. This 
rarefaction wave travels with the speed of sound in the reflected blast 
wave toward the bottom of the front wall. Within a short time, called the 
clearing time, the rarefaction wave enfeebles the reflected blast wave to 
such an extent that its effect is no longer felt and reduces the overpres- 
sure existing on the front wall to a value that is in equilibrium with the 
high-velocity air stream associated with the incident blast wave. The 
overpressure on the front wall when equilibrium with the high-velocity air 
stream is reached is equal to the stagnation overpressure at the base of 
the front wall and an overpressure somewhat less than that in the blast 
wave at the top edge of the front wall. The stagnation overpressure is de- 
fined as that overpressure existing in a region in which the moving air has 
been brought completely to rest causing the pressure intensity to be in- 
creased by the loss in momentum of the air particles. 

At some time after the shock front strikes the front wall of the 
structure, equal to the length of the structure divided by the shock front 
velocity, the shock front reaches the back edge of the structure and starts 
spilling down toward the bottom of the back wall (figure 3.16(c)). The 
back wall begins to experience increased pressures as soon as the shock 
front has passed beyond it. The effect is first observed at the top por-* 
tions of the back wall and proceeds toward the bottom. A vortex, which is 
a region of air spinning about an axis at a high speed with low ovexpres- 
sures existing at its center because of the venturi effect, is created on 
the back wall and grows in size, traveling toward the base from the top 
edge and also moving away from the wall (figure 3.16(b) and figure 3 . 17 ). 
The maximum back wall oveipressure develops slowly as a result of the vor- 
tex phenomena and the time required for the back wall to be enveloped by 

the blast wave. 


'€ 


23 


EM 1110-345-413 
1 July 59 




Figure 3.17, Photograph of a blast wave passing over a square block. 

Light and dark bands represent contours of constant pressure 

As the shock front passes heyond the front wall (figure 3.16(b)) 
ovei3)ressure exerted on the roof of the structure is initially raised t 
value nearly equal to the overpressure existing in- the incident blast w 
However, the air flow caused by the pressure difference between the re- 
flected oveipiressure on the front wall and the blast wave oveipressure 
the roof causes the fonnation of a vortex along the top edge of the fro 
wall. The vortex travels with a gradually decreasing Intensity along t: 
roof of the structure (figure 3.16(c)) at a slower rate than the shock 
front velocity. It causes a decay of the overpressures built up by the 
cident blast wave. After the passage of this vortex, the higher overpn 

sures in the blast wave again become dominant and cause a second build-i 
of overpressures along the roof. 

If a horizontal section through the structure is considered as sh( 
xn figure 3.I8, it will be found that the blast wave produces effects s' 
lar to those produced on the roof, front, and back walls as Indicated i: 
figure 3.16. The major effects which sho^uld be noted are: 
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(1) The formation of rarefac- 
tion waves at each end of the front 
wall of the structure which travel 
toward the center to relieve the 
hi^er reflected pressures on the 
front wall; 

(2) The diffracted wave 
fronts at the rear edges of the side 
walls which travel toward the center 
of the hack wall; 

(3) The vortices which form on 
the side walls near the front edges 
and travel slowly toward the hack; 

(4) The vortices which form at 
the ends of the hack wall and travel 
slowly toward its center. 

In determining the loads on a 
structure, it is convenient to use 
the instant at which the shock front 




Figure 3.18. Behavior of blast wave along horizorb- 
tal section through closed rectangular structure 


impinges on the front face as a reference for time (t = 0). In adopting 
this convention, it is necessary to introduce a time-displacement factor 
t^ which is the time required for the shock front to travel from the front 
face of the structure to the surface or point under consideration. Figure 


3.19 illustrates this convention. In this figure, 4 - t^ is the time 
after the shock front has passed a given location on the structure and de 



Figure 3.19. T ime-dis placement 
factor convention 


termihes the overpressure P in the 

O 

11101(3.61113 lDl8.si3 VS-VC Q.'fc i3ll8.i3 lOC 8.131 Oil* 

For example, the time-displacement fac- 
tor for a given location on the roof a 
distance from the front face of 

the structure is t^ = 4'/^^ • 

The total loading on any face of 
a cubical structure is equal to the 
algebraic sum of the respective 


I 


25 






EM 1110-3^5-^13 
1 July 59 


1 59 ^eirressures comt)ixied with the dyuamic pr< 
oveipressures or reflected ove effects of suspended ; 
sures. The later pressures ^ result in either 
cles and are referred to as ^ ^ ^ orientation of the surf 
tive or negative corrections gj^oek front. 

■with respect to the direc on ^ , At the moment the 
Average Tro - . uueiuressure on the froi 


a. Average Front oh the free 

is tamedlately 3.2O for zero argle of ihcj 

fleeted ^ ^er^reseure of the Incideht shoch fr^t. 

as a function of P p a = 0 *i 

o /'VN -T £? ‘h.nP S&III6 clt> •1 ii« /-v 


as a tnncxiou ux xr — p 

o oA c "hliG sani0 as 

1 ^ vt-F P from figure 3*20 is ru r-.^ 

1 ihcldeat shoch froat continues its motion over the 

irrtietuie vhile the reflected shock front moves avay from the f 
the structure, ^ IrLitially, the air pressure 

the huUding in the opposite direc • higher than th 

t en the reflected shock front and the front wall is higher t 

rrh ^ the incident shock front. This causes air to move aroun 

Tsides and over tim toP of the structure into the 

hind the incident shock. The rarefaction waves thus formed move 

end and top edges toward the center of the front face with the speei 

• +^r,rv -in this reeion of reflected overpres 
sound for the pressure existing in this region 

For the range of shock strengths used in the Princeton shock t 
perlments [4] which correspond to peak shock overpressures of 2 to ! 
in a standard atmosphere, it has been found that the time required ■ 
the front face of reflection effects is determined by the dimension 
front face and the peak overpressure of the incident shock wave. T 


•a 


clearing time t^ is given by the relation. 




where 

h' = clearing height, taken as the full height of the froD 
or half its length whichever is the smaller 

c = velocity of sound in the reflected region, plotted as 
refl -tion of the peak overpressure of the incident shock \ 
figure 3*21 

During the time required to clear the front wall of reflectic 
fects, the average overpressure on the front wall decreases from tl 
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^ reflected overpressTire to a value given "by the following equation; 


P- ^ = P + 0.85a 
front B 


(3.5) 


where P = oveipressure in the incident blast wave at the front wall at 
® any time t - t^ as given hy the equation 

Equation (3.6) is plotted in figure 3-22, and tabulated in table 3-1, where 
the ratio Pg/PgQ 1^ given as a function of (t - \)Ao* equation is 

similar to equation (3*l) with (t - t^) substituted for t. 

In paragraph 3-05b the dynamic pressures associated with high over- 
pressures were discussed. These pressures were evaltiated in figure 3 •23a. 
The rates of overpressure decay and dynamic pressure decay were set forth 
in figures 3*4b and 3‘4c. 

Design requirements for aboveground frame structures are usually 
for peak overpressures of 10 psi or less. The use of equations (3.6), 
(3.7a), 3.7c following and tables 3.1 and 3*2 will be applicable 

and convenient# 

The quantity q in equation (3.5) Is the dynamic pressure due to the 
motion of air particles in the incident blast wave at any time (t - t^) and 
is given by q = pu2/2 where p is the mass per unit volume of the air and u 
is the velocity of the air particles. Values of dynamic pressures vs over- 
pressures for the theoretical (without precursor) and precursor condition 
are given in figure 3.23a. It will be noted that the values are about the 
same for each case up to about 10-psi oveipressure. The dynamic pressure 
vs distance for miles for various weapon sizes is given in figure 3.231. 


q = 14.7 




( 3 . 7 a) 


L1 

Peak dynamic pressure q for use when ove^ressures are less than 
10 psi or where there are no precursor effects considered is given by the 

equation 1“ 5 , „\2 


I0 - 


ii 

1 * T 


(3.7b) 
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Figure 3.23b. Dynamic pressure for surface burst 
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To oltain q as a function of time for overpressures less thaa 
10 psi it is convenient to use the ratio qjq_^, plotted in figure 3.24 
tabulated in table 3.2 as a function of (t - t^)/t^, from the follow!] 
expression 



Time Ratio, ( t - t^) /t^ 


Figure 3.24. Dynamic 


pressure ratio vs time ratio 
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Table 3.2. Dynamic Pressure Ratio vs Time Ratio 


(t - 


0.00 

0.01 

0.02 

0.03 

O.oil- 

0.05 

0.06 

0.07 

0.08 

0.09 

0.10 

0.11 

0.12 

0.13 

0.ll4- 

0.15 

0.16 

0.17 

0.18 

0.19 

0.20 

0.21 

0.22 

0.23 

0.24 

0.25 

0.26 

0.27 

0.28 

0.29 


1.000 

0.956 

0.914 

0.873 

0.835 

0.798 

0.762 

0.728 

0.695 

0.664 

0.634 

0.606 

0.578 

0.552 

0.527 

0.503 

0.480 

0.458 

0.437 

0.417 

0.397 

0.379 

0.361 

0.344 

0.328 

0.313 

0.298 

0.284 

0.270 

0.257 


- 


0.30 

0.31 


o 






0.245 

0.233 


0.32 


0.222 


0.33 

0.34 

0.35 

0.36 

0.37 

0.38 

0.39 

0.40 

0,4l 

0.42 

0.43 

0.44 

0.45 

0.46 

0.47 

0.48 

0.49 

0.50 

0.51 

0.52 

0.53 

0.54 

0.55 

0.56 

0.57 

0.58 

0.59 


0.211 

0.201 

0.191 

0.182 

0.173 

0.164 

0.156 

0.148 

0.l4l 

0.133 

0.127 

0.120 

0.114 

0.108 

0.102 

0.097 

0.092 

0.087 

0.082 

0.078 

0.074 

0.070 

0.066 

0.062 

0.059 

0.055 

0.052 



'd' 


0.60 

0.61 

0.62 

0.63- 

0.64 

0.65 

0.66 

0.67 

0.68 

0.69 

0.70 

0.71 

0.72 

0.73 

0.74 

0.75 

0.76 

0.77 

0.78 

0.79 

0.80 

0.81 

0.82 

0.83 

0.84 

0.85 

0.86 

0.87 

0.88 

0.89 

0.90 

0.91 

0.92 

0.93 

0.94 

0.95 

0.96 

0.97 

0.98 

0.99 

1.00 




0.049 

0.046 

o.o43 

0.04l 

0.038 

0.036 

0.034 

0.032 

0.030 

0.028 

0.026 

0.024 

0.022 

0.021 

0.020 

0.018 

0.017 

0.016 

0.014 

0.013 

0.012 

0.011 

0.010 

0.009 

0.008 
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For the front wall overpressures, t^ = 0, hence t - t = t, vhe' 
t measixres the time after the instant at which the shock front irpingi 
the front wall. 

Using the above quantities, the curve of average front wall over] 
sure P versus time maybe determined. Figure 3.25 shows a typi( 


front 


front wall average overpressure curve. The curve a-b-c is defined by 

equation (3-5) • Point d, the r< 



Figure 3.25. Average front wall overpressure 
vs time-closed rectangular structure 


fleeted overpressirre, is connect* 

a straight line to point b, the 

age overpressure at time t - t > 

d 

Since the resulting discontinuit; 
point b is not compatible with 
actual behavior of the loads on 1 
front face, these two curves are 
smoothed by fairing in curve e-f 
shown. The curve of average over 


pressure versus time on the front wall is then defined as curve o-d-e 
The foregoing method for determining the curve of average overpi 
sure versus time on the front wall is based on the assunpition that the 

required for the overpressure in the incident shock wave to rise from 
is negligible. 

If this is not the case, the time required for the peak overpre 


to rise from zero, called the time 
of rise t^, niust be taken into 
account. This is accomplished by 
first confuting the average front 
face overpressure for a zero time 
of rise as described above. Curve 
o-d-e-f-c of figure 3.26 illus,- 
trates the average front wall 
overpressure confuted for a zero 
time of rise. Locate point g 


with time coordinate t^ and over- 



pressure coordinate P ^ ^ 

points o and g vith straight lij 
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intersecting d-e-f at h. The average front wall overpressure for time of 

rise t is given by curve o-h-e-f-c. 

The overpressure on the front wall of a structure is not uniformly 
distributed. The inaxinium value occurs at the mid-point of the base and the 
value occuTS along the edges. Those portions of the front face 
nearest to the edges are cleared of the reflection effects in a shorter 
time than the remainder of the front face and the overpressure existing at 
those points is lower, following the clearing stage. The net effect of 
this vertical and horizontal variation is negligible and of questionable 
value for design pirrposes. Hence, the front wall loading is assimed to be 
distributed uniformly over the front wall siirface. For the same reasons, 
the rear wall loading given next is assumed to be uniformly distributed 
over "blae rear vail. 

b. Average Back Wall Overpressure wall, the 

time-displacement factor' t^ is • L/U^, where ' L is the length of the 
building in the direction of propagation of the shock and is the 

shock front velocity. 

When the shock front crosses the rear edge of the structure, the foot 
of the shock spills down the back wall. The overpressures on the back wall 
behind this diffracted wave are considerably less than those in the inci- 
dent blast wave due to the vortex which develops at the top and travels 
down the wall. A period of time longer than that required for the travel 
of this diffracted shock to the bottom of the wall must pass before the 
back wall average overpressure reaches its peak value. The time required 
for this build-up to occur, t^, measured from the instant at which the 
shockwave reaches the back wall is equal to 4h’/cQ^ where h' is the 
clearing height of the back wall, taken equal to either the full height 
of the back wall or half the width of the building, whichever is the 
smaller, and c is the velocity of sound in undisturbed air, 1115 fps. 

The peak value of the average overpressure on the back wall after 
this build-up has been completed is: _ 

(P-u 1 ) = P I 1 + (1 - :i)e J ( 3 . 8 ) 

'■back'' max sb ' L -J 

where P ^ is the incident blast wave overpressure at the back wall at 
sb 

^ . (P ) is the peak value of the average overpressure 

i-jjuc u ^ back‘d max 
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^ 3 = 0.5P 


on the back vail which occurs at time « - u 

e - 2.7183 . base of natural logarlttas. It^s assumed 

incident blast wave does not dlMnlsh in strength as the vave paL 
the structure. passt 

Figure 3.27a illustrates the variation of the ratio P /p 

time. For times in excess of t = t + + +>,=. t a.- hack' s 

X - t + t the relation is given hv 

following equation: tiJ-v^en by 

P. 


hack 

P 


(k 1 ) 

hack 'max 


sh 


where t 


"(Pin 

1 hack 'max 

r* - (*d+ VI 

^sb J 

} 

\ 

1 

0 


— _pna.se. 

Figure 3.27b shows a typical back wall average 

average overpressure 

■■■■ ff^]- 


- = P' + 



Note : 

U • L/Uo 
* ^h/Co 


Time, t 

^ Pfeock Lineorly 

ot the Volue Indicofed 



igure 3.27a. Average back wall 
owrpressure ratio vs time- 
closed rectangular structure 


^ote: P . a 5 - 

"•* ^ront-Pbock 


Average Front Wall 
Overpressure, 


/ 


! 

Average Back Wall 
Overpressure, . 

^ Y Horizontal 


'^’^vs^time' overpre 

-closed rectangular structun 

Net Horizont.; 
Considering a. 
all overpressures exerted on tl 
ture^and directed tovard the ir 


°®t ^front “ ^back 


"’i.'SiSra-s;,"- 


Where P p — 

net^ ^front' ^ba 

given in terms of time t. F 

illustrates graphically the v 
oi the net average horizontal 
pressure with time. 
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The procedure developed for pre- 


diction of oveip)ressures on the roof of a structure is based primarily on 
cuirve-fitting of the Princeton and Michigan shock tube data [h through 13l- 
Pressures calculated by this procedxire have been foimd to agree satisfacto- 
rily with overpressure records obtained in the GEREEMOUSE structure testing 
program and the Sandia HE tests [6]. 

During the passage of the blast wave across the structure, low pres- 
sure areas develop on the roof and side walls due to vortex formation as 
indicated in figure 3 *16 and figure 3*18. Shock tube data indicate that 
this vortex detaches itself from the front edges and moves across the 
structure with gradually increasing 
speed. Vortices are formed all along the 
front edges of the roof and sides of the 
structtire, that is along a-b-c-d of 
figure 3* 29 * At corners b and c 
where they are aligned at 90 ° to each 



Figure 3.29. Areas on roof and sides 
most affected by vortex action 


other, the vortices tend to interfere 
with each other and to move away from 
the roof and wall surfaces. This results in a diminution of the effects 
of the vortices at these edges which proceeds along the axes of the vor- 
tices from corners b and c as the vortices move toward the rear of the 
roof. Conseq,uently the regions on the roof and side walls which are 
strongly affected by the vortices do not extend to all edges of the roof, 
but are triangular or trapezoidal in shape as indicated in figure 3 - 29 * 


C.L 



C.L. 


Zone i 


i: f 

^ 

Zone 1 

^ js:i 



h L^4 

Zone 2 



Zone 3 

77777777777777777777 ! 1 > 777 % 







Length, L- 


Figure 3.30. Location of loading zones on 
roof and sides of structure 

zones as illustrated in figure 3 >30 "fco facilitate con^jutation of local 


These observed results indi- 
cate a variation of overpressiares on 
the roof in a direction parallel to 
the shock front in addition to a 
variation along the roof in the di- 
rection of propagation of the wave. 
Althou^ this lateral variation is 
a smooth one, the roof and side 
walls have been divided into three 
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pressures. Although only the location of the zones on the roof ic 

cussed below, the zones on the side wall are similarly located a ^ 
figure 3.30. 

ZoneJ. This zone is a strip on the roof extending from the 

toward the center line a distance equal to one-quarter of the len^ 
the building. ^ 


Blost Wav$ 



pressure ratio vs time, Zone Inclosed 
J'cctangular structure 


the overpressure-time curve for t 
incident blast wave displaced in 
tiine by factor t^ » L'/u^. This 
is consistent with observed vorte. 
disintegration as illustrated in 
figure 3,29. 

— ®^i® zone is a strl 
on the ixjof Of vidth ejual to one- 

qnarter of the length of the struc 
ture .masoned fnc the edge of 2on 
1 to^rd the center of the roof. 

figure 3,32 is a plot of the 
ratio p h ^ 

Toof'^s. any point a 
distance L' -p-rriTv, +i. 

from the front edge 


Figure 3.31 is a plot 

^roof/^s'’ of the ] 

overpressure at any point or 
roof in terms of time t to 
overpressure in the incident 
wave where t^ » L'/u^ is t: 
displacement factor, equal ti 
time required for the shock ; 
travel a distance L’, the d; 
from the front edge of the rc 
the point under consideratior 
Figure 3.31 indicates t 
local overpressure versus tin 


BlOff Wovt 



Figure 3,32. Local roof or side wall ovi 
pressure ratio vs time, Zone 2-^closed 
rectangular structure 


ho 


EM 1110-3'>J-5-413 
1 July 59 


31 

' <ils> 
ShowD( 

Sides 
fch Li 

of 

-ocal 
I the 
the 
blast 
he til 
0 the 
front 
Lstano 
>of to 

L. 

-hat tl 
fi cur 

T-t&l 

I 


not 

). 5 . 


3-08d 


♦d+'o 


ir- 


of the roof. Here again, ^^oof incorporate the time 

t^ is given by equation (3.11). 


t, = L'/U • 

d ^ o 


L' 


displacement 

Zone 3* This zone includes all points on the roof not included in 

Zones 1 and 2. Figure 3*33 is a plot of the ratio P „/P for all 

roor s 

points in this zone. Zone 3 is 
essentially a region of two- 
dimensional shock phenomena for 
which considerable data are avail- 
able [ ky 5^ 9, 10> 12^ and I3]. 

The effects of the vortex 
travel across the roof of the 
structure are confined to Zones 
2 and 3- The difference in the 
overpressure existing in these 
zones is due to the assumed 
severity of the vortex effects. 

As the shock front passes 
over the point being considered^ 
the local overpressure is raised 
to the overpressure in the inci- 



Figure 3,33^ Local roof or side wall over^ 
pressure ratio vs time. Zone 3^^closed 
rectcmgular structure 


dent blast wave. This equality between local and incident blast wave over- 
presstires is maintained until the vortex developed at the front edge of the 
roof detaches itself and moves toward the rear edge^ causing a decrease 
from the overpressure in the incident blast wave at the point being con- 
sidered. The local overpressure reaches its ndnimuin value at the time that 
the vortex is over the point in question. The time required for the vortex 
to travel the distance L* is 

(3.11) 


m ' 


where v is the vortex travel velocity, obtained from a reduction of the 
data in reference C^] and given by the relation 

L 


0.042 + 0-108 

The value of the ratio of P „/P 

roof' s 


r) ^ 

L / o 

at time 


t s t 


m 


is 


- I'rooA - 


(3.12) 


(3.13) 
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For points located in Zone 2 the mininium value of equation (3 
0 . 5 ^ for points located in Zone 3 the mln tmim value is zero. 

As soon as the vortex has passed the point in question, the lo( 
overpressure starts to build up until at time t » t^ + I5h' /u (wh< 
is the clearing hei^t of the structure) it is once again equal to tl 
overpressure in the incident shock wave. 

Average Roof Oveip)ressure Having established the ^ 
tion of local oveiq)ressure, the average overpressure on the roof at a 
time could be obtained by the summation of the local overpressure cur 
over the entire roof at a given time t. If there vere no lateral va 
tion of local overpressures, such a method could be used to develop a 
general procedure applicable to all structures. However, the pres^no 
this lateral variation complicates any procedure to such a degree tha- 
the limiting case for Zone 3 loading is considered. The ratio of the 

age roof overpressure P 


note: P"-O.9^O.l0.O-^)f«c.p, P" moy not .xcd 1.0 

+lX'^)‘^orO.S+ 0.125 (2-,^)* 
whiehovtr l« tmalltrj oxcopt P' moy not bo loot 
than ziro. 



the overpressure of the ii 

blast wave existing at the 

center of the roof p i* 

s 

plotted in figure 3.34 foi 
in excess of time t « L/i 


where P^ incorporates t] 


time-displacement t . 


Tim#, t 

overpressure ratio vs time. Zone 3- 
closed rectangular structure 


The average oveipressure 1 
roof varies linearly from 
at time t * 0 to the va] 

^roof given in figure 3 • 
time t 
that 


J'/U • The assu 


^roof expre 


a proportion of P is t, 


s 


the shock front +0 + required 

tMs as « 

father restriction which must be imposed is due to the iirpoi 
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of the lateral variation of overpressures on the roof. If the width of the 
structure normal to the direction of travel of the shock wave is greater 
than twice its length, the average roof overpressures as determined hy 
figure 3.34 are satisfactory. For a structure whose width is less than its 
length, the average roof overpressure for times greater than time t « L/Uq 
is more correctly given by the relation 

P ^ » P (3-14) 

roof s 

where P incorporates the time -displacement t, » L/2U . The average 
s do 

roof overpressure varies linearly from time t * 0 to the value calculated 
by equation (3 *14) at time t = L/Uq' structtires which are approxi- 

mately square in roof plan, neither method is the more correct and an aver- 
age of the two should be used. If a more accurate value of the average 
overpressure on a portion of the roof, such as a roof slab, is desired, 
this may be obtained by computing the local overpressure at two or three 
points on the slab and obtaining the weighed average as a function of 
their common time t. 

f , Local and Average Side Wall Overpressure Pgj_^g ^side 

the basis of test data it has been observed that the sides of a structure 

are loaded in the same manner as is the roof, and that figures 3-31 "to 3*34 

determined for the roof of a structure apply equally well to the sides. 

The side walls are divided into three zones, as shown in figure 3*30^ 

for the determination of local overpressures Pgj^^e* Figures 3 •31 to 3*33 

present these local overpressures in the form Pgj_^e/Fg^ where Pg^^g 

incorporate the time-displacement t^ = L’/u^- L' is the distance from 

the front edge of the side wall to the point vinder consideration. 

The average overpressure on the side is given as the ratio Fgj_(3_g/^g 

in figure 3-34, where P is the overpressure in the incident blast wave 

s 

with a time-displacement t^ = L/2U^. This figure is applicable only if 
the height h of the side wall, is greater than half the length L. If 
this restriction is not satisfied the average overpressure on the side is 
more correctly given by the relation 

^sld. - <3-^5) 

3-09 EROCEPURE FOB C0MPU1!ATI0H OF WADS OH CLOSED EECTAHGUIAR SmUCTPEES. 

The following paragraphs present a series of step-by-step general procedures 
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for tlie cQii5)utation of the blast wave overpressures on the various ] 
tiohs of a closed rectangular structure. 

Step 1. Given data: Size of weapon; distance of proposed st: 
from ground zero; exterior dimensions of structxires. 

Step 2. Determine for the given data from figure 3.12a 

3* 12b using the scaling relations of paragraph 3-06 as necessary. 

Step 3. Determine t^, knowing by applying the scaling 

tion of equation (3.3) to figure 3.10a or 3.10b. 


Note that all the quantities listed in Step 1 are not necessar 
determine the loading on any structure if P^^ and t plus the ex 
dimensions of the structiire are given. 

Average ? h-ont Wall Overpressure vs Time. Step 1. Determi 
for a sequence of times t^, t^, t^, etc., from table 3.I or figure 

for t, a 0. 
a 

step 2. Determine knowing P^^, from figure 3. 20. 

Step 3* Determine the clearing hel^t of the front wall h'. 

is equal to the full hei^t of the front wall or halt' its width, whi< 
is the smaller. 

Step 4. Deteimine knowing P^^, from figure 3-21. 

Step 5. Determine t^ from the relation t » 3/h'c 
Step 6. Deteimine q^, knowing P^^, from figure 3.23!^^ 

Step 7. Determine q for a sequence of times t,, t_, t , etc 
from 'table 3 • 2 or figure 3 • 2 h • ^ 

step 8. Determine (p^ + 0.854) for the sequence of times used 

Steps 1 and 7 atove. Hie following headings systematize the ealculat 
Of Steps 1 to 8. 


time, t 

( 1 ) 


t/t^ 

( 2 ) 


(3) 


1 

w 


p /p 
s' so 


(5) 


's 

( 6 ) 


Column (1) is a set of times ranging from t . 0 to t . t 
dent in number to allow drawing of the curve of P h- o 85q ° 

Colun. (3) is values obtained from table 3-2 ^r figure 3-24 
values of t/t^ iji column (2). 

Column (5) is values obtained from +B'hio on 

oaxuea irom table 3.1 or figure 3.22 

values of t/t^ in column (2). 
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Step 9- Plot the cuiye of vs time as illustrated in figure 

h. Average Back Wall Overpressure vs Time. Step 1. Determine 




■ucti 

or 

rela. 

y to 
terl 

ae i 

3.22 


This 

:he 
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fi- 

tie 

tie 
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> 


knowing front figure 3.9. 

step 2. Determine t^, from the relation t^ 

Step 3- Determine t^, from the relation t;^ “ 4h*/c^, where 
1115 f^s and h' is either the full height of the hack wall or half its 
length, whichever is the smaller. 

Step 4. Determine at time 4 - t^ = t^ from table 3.I or 

figure 3-22. 

Step 5* Determine (^T^ack^max time t = t^ + t^ from the rela- 

(^back^max “ 2 ^sb ^ » 0.5P^yi4.7. 

The average overpress\lre on the rear face varies linearly from zero 

at time t « t^ to (P^..,_) at time t » t^ 

,/P^ for a sequence of times 

“2 


t, to (P, , ) at time t 

d back max _ 

Step 6. Determine the values of P, . , _ 

DS < C S 

in excess of t = t^ + t^ from the relation 


back 


(P ) 

back'^max 

^sb 


(P, . ) 

back max 

^sb 


t - (t^ + 




t - t 
o Id 


Step 7* Determine the values of P for the sequence of times in 

s 

step 6, and hence the values of Pi^^ck' following tab-ular headings 

systematize the work in Steps 6 and J. 


t - t. 


(t - t^)/t^ 


time, t t - tj (t - t,j/t P /P 4. 4., .,4. ■‘■i, 1 

^ d ' d'' o s' so s back: s back 

(1) (2) (3) (4) (5) (6) (7) 

Colvunn (1) is a sequence of times ranging from t = t^ + t^ to 

t = t + tj. 
o d 

Column (4) is a set of values obtained from table 3*1 or figure 3*22 
for the values listed in column (3). 

Column (6) is the values calculated from the relation in Step 6 for 
the times given in column (l). 

Step 8. Plot the curve of 'vs time as illustrated in figure 

3.27b. 

c. Average Net Horizontal Overpress\ire vs Time. Step 1 . Knowing 
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front 


and P. 


P = P 
net front 


Step 2 , 


back 


for a sequence of times t^, t^, t etc., dete 


ba_ck 

- P,.. , for each value of t. 


3.28. 


Plot the curve of vs time as illustrated in fi 


£ 2 £§. 1 . «oof Orerpressure vs Time. The step-by-step procedi 
listed below is for a point located within Zone 3 (see figure 3.30) 
roof. The procedure for Zone 2 is similar except that figure 3.32 £ 
instead of figure 3.33, and the value of the ratio P /p ^t tii 
t » t (step k) may not be less than 0.5. The procedure for Zone ] 

I L ♦ . — 


m 


volves a slaple confutation of at various tiKs using table 3 


figure 3.22 as illustrated in figure 3.3I. 

Step 1. Determine t^ s L'/u . 

Step 2. Detemine the vortex velocity v from the relation 

(o.Oh2 + 0.108 

= L'/v. 


Step 3. Determine t 


Step k 


m 


.. Detenaine the value of the ratio P /p at t 
from the relation P /p = hfp /lii roof s 

mnimum permissible value of this -ra+.io -t. ^ ^ .. 


. -.wj. o gQ' 1/1 J --'i-r ex 

minimum permissible value of this ratio ic ^ ' nru 

unis ratio is zero. The ratio 


at time 
tha 


— .s., , jLxie pax 

creases linearly from 1,0 at tte t = (t. 4. t )/2 to P 

n ^ *1 _J ^ a. CL in roof' “ s 


poor 


m 


\ ''j ~r u / / -C 1>C> P /P Q 

^ increases linearly to 1.0 at time t , 15b./5Tfor a3 


times the value of the ratio is 1.0. 


for a sei 


step 5. Determine the value of the ratio p /p 

of times between time t . t^ and tte t = t + ° 

Step 6. Determine P -Pnv. do 

Pg for the sequence of times in Step 5. 


headJr ; 5 and 6. 

headings systematise the work in evaluating P 

time, t t - t 

( 1 ) 


Hie following 


■ "d)*o 


p /p 
S' so 


(2) fo\'^ ° f‘so 

^ ( 3 ) (k) 

Colinnn ri):iQDcf^ 

U1 is a sequence of times ranging from 


P X./P 
roof' s 


( 6 ) 


+ t 
d o 




Column (t) contains the values ob+o. . ^ 

3-32 for the values in column (3). ® 

Col-n (6) contains the values obtained in step 1. above. 

he 
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Step 8- Plot the curve of ■''"s time from the values in column 

(7) as illustrated in figure 3 . 33 . 

e. Average Roof Overpressure vs Time. The step-hy-step procedure 
listed below is for a structure for which figure 3-3^ is applicable, as 
explained in paragraph 3-08e. 

Step 1. Determine t^ = 

Step 2. Determine the value of "tinie t = t^ + L/^U^ 


from the relation Pj.oof/^s = 0-9 + 0.1|1.0- jTTTYj ^1-0 

Step 3 . Determine the value of ^.t time t « 5 L/Uq from 


the equations Pj.QQf./Ps - 2.0 - I 3577 7 I L 


Ai/3 


or P _/P » 0.5 + 
roof' s 


0.125 2 - 


14.7 


whichever gives the smallest value, but not less than 


Step 4. At time t = 5L/U^ + 15h’/U^ the value of is 

one. P Jt varies linearly between the values computed in Steps 2, 

TOO±' S 

3 ^ and k, and remains equal to one for times greater than t » + 

15h'/Uo. 

Step 5 . Determine the values of ^ sequence of times 

greater than t = L/U by interpolating between the values conqjuted above. 

Step 6 . Determine P for the sequence of times used in Step 5 . 

s 

step 7 . Determine P^^^^ from Steps 5 and 6 . The following tabxilar 
headings systematize the work in evaluating Pj.qqp‘ 


time, t t - t. 

^ r 


(t - t,)/t P /P 
' d" o s' so 


P J'P 

TOOT S 


( 1 ) ( 2 ) ( 3 ) W (5) (6) ( 

Column ( 1 ) is a sequence of times ranging from time t = L/U^ to 


time t = t + t , . 

o d 


Column (4) contains the values obtained from table 3 .I or figure 3.22 
for the values in column ( 3 )* 

Column ( 6 ) contains the values obtained from Step 5 for the times in 
column ( 1 ) . 
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Step 8. Plot the curve of vs time as Illustrated in 

3.3lt-. Note that varies linearly from zero at time t » 0 

computed value at time t » L/U^* 

f. Local Side Wall Overpressure vs Time. The local side wal 

pressure- for a point in Zone 3 of the side is coii5)uted by use of St 

8 of paragraph 3-09<3-* llie procedure for Zone 2 is similar except t 

figure 3.32 applies instead of figure 3-33^ and the value of the ra 

Proof ^ \ (step 4) must not be less than 0.5. The ■ 

dure for Zone 1 involves a simple coii5)utation of P at various th 

s 

using table 3.I or figure 3.22 as illustrated in figure 3.31. 

g- Average Side Wall Overpressure vs Time. The average side 
overpressure for a structure for which figure 3.3h is applicable is 
puted by use of Steps 1 to 8 of paragraph 3-09e. 

3 "io Pmerical example of computations of loads ou closed PECTAITGU] 

STRUCTURE. 


Blast 

Wave 




■ 27ft. 


^Front Wall 


Roof^ 

Bock Wall^ 


-54 ft.* 


WV-I. • jL'w' JLVX 


''v Jr *-*-*-J. uujL a 


15 ft. 


Ground 


Not*: Length of Bldg. Parallel to Shock 
Front i« 200 ft. 

Figure 3.35, Exterior proportions— closed 
rectangular structure 


3000 ft distance from 
zero. 

Exterior dimensions 0 
lem structure (figure 

10 p 


so 


From figure 3. 12 P 

From figure 3.10a t ^ 
(1 KT for 10 psl). 

For an 18-KT weapon, t 
(0.262) - 0.685 sec. ° 


Front Wall Ove r pressure vs Timr^. step 1. For ] 
10 psi from figure 3-20, , 25.3 psi. 

Step 2. Prom figure 3.35, h’ - 15 ft. 

Step 3. For P^^ = 10 psi from figure 3-21, c^^^^ = I29O fpE 
Step 1^. t^ = 3 h'/c^^^^ = 3(15)/1290 = 0.0349 sec. 

Step 5. For p^^ = 10 pgi^ figure 3.23, = 2.23. 

Steps 6 through 8. In table following. 
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3i 

3-lOb 


figiftl 



to tv 

> t 

0 

0 


0.0685 

0.10 

1 OTet 

0.137 

0.20 

spsl' 

0.2055 

0.30 

0.274 

0.40 

bat 

0.3425 

0.50 

tio 

0.411 

0.60 

0.4795 

0.70 

proce' 

0.548 

0.80 

nes 

0.6165 

0.90 

0.685 

1.00 


q/io 


p /p 
s' so 

1.000 

2.23 

1.000 

0.634 

1.40 

0.8l4 

0.397 

0.89 

0.655 

0.245 

0.55 

0.519 

0.148 

0.33 

0.402 

0.087 

0.19 

0.303 

0.049 

0.11 

0.220 

0.026 

0.06 

0.149 

0.012 

0.03 

O.OQO 

0.004 

0.01 

0.04l 

0.000 

0.00 

0.000 
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P + 0.85q 

S 

10.00 

12.12 

8.15 

9.48 

6.55 

7.40 

5.19 

5.71 

4.02 

4.33 

3.03 

3.21 

2.20 

2.30 

1.49 

1.55 

0.90 

0.93 

0.4l 

0.42 

0.00 

0.00 


wall 

com- 

M 


groi 

pro! 

3.35) 

i. 

2 


/3 


I 


Sample calculation of typical entry in table: For t/t = 0.1iO(0.685) 


= 0.274. 

From table 3*2 for t/t^ 

=0.40, * 0.148 

q = 0.148(2.23) = 0.33 psi 

From table 3*1 for 

= 0.40, P /P = 0.402 
’ s' so 

= 0.402(10) « 4.02 psi 

P = 0.85q = 4.02 + 0.85(0.33) 
s 

= 4.33 psi 

Step 9. Plot the curve as 
shown in figure 3.36(a). 

b. Average Back Wall Over- 
pressure vs Time. Step 1. For 

p .= 10 psi, from figure 3.9, U 
SO o 

= i 403 fps. 

step 2., * 54/1403 

= 0.0385 sec. 

Step 3. 

» 4(15)/1115 » 0.538 sec. 

Step 4. For (t - 

= 0.0538/0.685 = 0.0785, from 
table 3.1, P /P .m 0.852, 

Ps = Pg^ * 10(0.852) » 8.52 psi. 



(o) Average Overpressure (b)Average Net Horizontal 

vs Time Curve Overpressure vs Time 

Curve 




(c) Local Roof Overpressure (d) Average Roof 

vs Time Curve Overpressure vs Time 

Curve 


Figure 3.36. Overpressure vs time curves- 
closed rectangular structure 
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Step 5, ^^back^max * + (l - p)e J/2 where P « 0.5P 

P = 0.5(l0)/l4.7 « 0.34 




hackW - L-L 






Steps 6 and 7. 
t - t. 


0.0923 

0.1070 

0.1755 

0.2440 

0.3125 

0.3810 

0.4495 

O.518O 

0.5865 

0.6550 

0.7235 


0.0538 

0.0685 

0.137 

0.2055 

0.274 

0.3425 

0.411 

0.4795 

0.548 

0.6165 

0.685 


In table following 




so 


0.079 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 


0.850 

0.814 

0.655 

0.519 

0.402 

0.303 

0.220 

0.149 

0.090 

0.04l 

0 


8.50 

8.14 

6.55 

5.19 

4.02 

3.03 

2.20 
1.49 
0.90 
0.4l 

0 


back' 


./P„ 


0.735 

0.735 

0.740 

0.750 

0.767 

0.790 

0.820 

0.855 

0.897 

0.947 

1.000 


Sample calculation of typical entry In table above; 

For (t - t^)/t^ = 0.5, t = 0.5(0.685) + 0.0385 = 0.3810 
table 3 . 1 , for (t - t^)/t^ = 0.5, = 0.303 

P3 = 0.303(10) = 3.03 psi ' 

For (t - t^)/t = 0.5 


back/ s ^^back^max/^sb 


1 - (P. 


back 


W' 


sb 


t - (t 


values of 


r ir -JL O 

- 6.26/8.52 +1 1 - 6.26/8.52 o»38io - (0.0385 + 0 

_ 0^/6 r U.685 - 0.0538 

- 6.26/8.52 + fi _ 6.26/8.52] [0.2887/0.63121^ 

= 0.790 ■' 

^back ~ 3.03(0.79) = 2.39 psi 

step 8 . Pijjt tSe curve as shoun in figure 3.36(a). 


and 


0.65, 0.70, S^figu^e 

Step 2. Plot curve of p ^s t-tmo ■ i. 

1- £2£S,Ec£^erpress^f '^e ae she™ m figure 3.3 
\ - L /H^ = 2 TA 403 = 0.0192 see. 


50 


3-lOe 


EM 1110-3i<-5-^13 
1 July 59 


Step 

2. V = 

: (o.o 42 + 0.108 ^ 

-ju^ = [0.042 

+ 0.108 (0.5)] 1403 



= 134.7 fps. 





Step 

3- “^m 

= L’/v = 27/134.7 

= 0.200 sec. 




Step 

4. At 

time t = t , P »/P = 4(P 
, roof' s ' so 


.1) +1 



P oof As ^ ^(10/1^ *7) (27/54 - 1) 

+ 1 = -0.36 

< 0. 



Therefore, P^^Qf/Pg 

= 0 at time 

t = 0.200 




P ^/P = 1.00 at 

roof^ s 

time t = t 

m 

+ 15h7u^ 



Steps 5 throii^ 8. In table : 

following. (Note that in the cong)uta- 

tions in table all times in columns 

(1) and (2) 

are calcoalated from assxmied 

values in 

column (3) except at times t = t^ = C 

).200, t = i 

(t , + t ) 

'■ d m' 

1 

" 2 

(0.0192 + 

0.200) = 

= 0.1096, and t = 

0.3602.) 




t 

^ 

(t - t^)/t^ 

P /P 
s' 0 

^s ^roofAs 

^roof 

0.0192 

0 

0 

1.000 

10.00 

1.0 

10.00 

0.08TT 

0.0685 

0.1 

o.8i4 

8.l4 

1.0 

8.14 

0.1096 

0.0904 

0.132 

0.761 

7.61 

1.0 

7.61 

0.1562 

0.137 

0v2 

0.655 

6.55 

0.483 

3.16 

0.200 

- 

- 

- 

- 

0 

0 

0.2247 

0.2055 

0.3 

0.519 

5.19 

0.154 

0.80 

0.2932 

0.274 

0.4 

0.402 

4.02 

0.583 

2.34 

0.3602 

0.3410 

0.498 

0.305 

3.05 

1.0 

3.05 

0.3617 

0.3425 

0.5 

0.303 

3.03 

1.0 

3.03 

0.4302 

0.411 

0.6 

0.220 

2.20 

1.0 

2.20 

0.4987 

0.4795 

0.7 

0.149 

1.49 

1.0 

1.49 

0.5672 

0.548 

0.8 

0.090 

0.90 

1.0 

0.90 

0.6357 

0.6165 

0.9 

0.041 

0.4l 

1.0 

0.4l 

0.7042 

0.685 

1.0 

0 

0 

1.0 

0 


Sample calculation of typical entry in table above; 

For (t - = O.il-, t = 0.i<-(0.685) + 0.0192 = 0.2932 sec 

From table 3*lj ('*' “ ~ ^s^^so ~ 0*^2 

P = 0.U02(10.0) = 4.02 psi 

s 

Since P „/P varies linearly from 0 at t = 0.200 to 1.0 at 
roof' s 

t = 0.3602 

Proof/Pg = (0.2932 - 0.200)7(0.360 - 0.200) = 0.583 

P - = 0.583(4.02) = 2.34 psi 
Step 7. Plot tbe curve as shewn in figure 3*36 (c;. 
e . Average Roof Overpressure vs Time. Step 1. t^ » L/2U^ 

= 54/2(1403) = 0.0194 = G.OI94 sec. 

Step 2. At time t « l/ 2U^ + O.O388 sec 
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Jroof/^s • °'9 + O.ld.O - p /i4.7n2 ^ ^ 

i-e., this value may not exSed one) " ' "" ’ Wi4.7)2,q 

(x . f ‘ y-K - 0a9.8 3e=. ..0 . 

I spfi r -2-0- 


2 - 


• 0*5 + 0.125 


- 0-902 and 0.5 + 


\ ^ I J . V • xcp ( 2 - - 

0.717 < 0.902, p ^ 


step 4, At time t a Ar 

^ • 5L/U + 


P /P - 1 
roof/-^s ~ 

Steps 5 tlirough 7 T j. 

^ fouovipg. 

(t - + ^/4. , 

P./P 

R' a 


0-1928 + O.I604 a 


0-35: 


0.0388 

0.0879 

r\ a . ^ 


0.1176 

0.1928 


0.224.9 

0.2934 


0.3619 

0.4304 


0.h98s 

0.5674 


0.6359 

0.7044 


0.0194 

0.0685 

0.137 

0.1734 

0.2055 

0.274 

0.3425 

0.411 

0.4795 

0.548 

0.6165 

0.^5 



9.44 

8.14 



6.55 

5.81 


0.910 

0.848 


5.19 

4.02 


0.762 

0.717 


3.03 

2.20 


0.774 

0.894 


1.49 

0.90 


0.4i 


0 


1.0 

1.0 

1.0 

1.0 

1.0 

1.0 


SamftJie calculation of tvni 


3.1 tor ('t ;,r^® 

^•8l*{10) . 8.14 - 0-1, P /p 


s' so 


0.814 


-j*-!. lor 

s - 0-8l*{io) . 8.14 

Jr _ , 

Since p /p 

0-717 at t . o'lla ^ '->» 0-910 at t . 

‘-’--L926 sec t a 0.0388 


W23 - 0.910 . 

0.848 ^ •^93 )/o. 154 o 


^roof - 0.848(8.14) = g q. 

« . ^•90psi 


Step 8. PI,,,, ^--^"Psi 

® as shoim in 

^^gure 3.36(d). 

52 




3-11 


EM 1110-345-413 
1 Jiily 59 


LOADHTG OH EBCTAJTGUIAR STRUCTURES WITH OEEMUTGS 

3-11 Kf'iECTS OF OPEEIITGS ON LOADING. For the determination of the loads 
on rectangular structures with openings it is necessary to consider all 
structures as falling into one of two categories. 

Category (l). Structures having open interiors free of walls and 
other obstructions so as to allow relatively unhindered propagation of the 
blast wave throu^ the interior of the structure, once it has entered 
throu^ windows or otherwise. It is assumed that the percentage of back 
face openings is approximately equal to the percentage of front face 
openings . 

Category ( 2 ). Structures having interior walls and other construc- 
tion which wotild prevent free propagation of the blast wave through the 
interior of the structure. 

Those structures falling into Category ( 2 ), above, are analyzed in 
a manner similar to that for the case of closed rectangular stmctures when 
determining the net translational forces acting on the structure. Net 
loads on exterior and interior portions of these structures may be con5)uted 
as are the loads for structures falling into Category (l), with suitable 
inteipretation of the various structural dimensions involved. The deter- 
mination of the loads on structures with relatively open interiors. Cate- 
gory (1), is described below for approximately equal percentages of open- 
ings in the front and. back walls . 

The sequence of phenomena following the inrpingement of a shock wave 
on a rectangular structure with openings can be briefly summarized in the 
following paragraphs. 

When the shock front strikes and reflects from the front wall, the 
overpressxtre on that wall rises 'to the reflected overpressure. Rarefaction 
waves immediately move in from the outside edges of the wall, clearing the 
reflected overpressures. 

Windows and doors in the front wall will probably break under the re- 
flected overpressure, thou^ not Instantaneously. However, they generally 
will break before the clearing is conplete; hence, part of the clearing 
will occur throu^ the window openings, allowing high pressure air to flow 
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lirto the interior, aie sudden i^leese of hi„h 

to fo» in the interior. Ihese Inside shochs fo”"“" % 

^read dotnstrean from each opening and vlu te^T 

oiock, front. Ihla Interior shooh is initial ‘ "K 

ahooh. initially, veaher than the 

tfeanttae the Incident shoci front h.e 

oo-ss the exterior of the haci ™ii J" " then 

7"’ the overpressure on """ 

- — Of the shocTr:: r:: r - ohst« 

7°t "OVS through the staT"’ onterlngattk 

t“tde surfaces as they are covered “-orpress*, 

a- Average Exterior Front wli, ^ 

lulred for~ref3<=>f.+ ^s^ressure p m. 

R+ overpressures to""?!^ ~- — front ‘ tline re- 

by a shock wave is e::^re8sed in i+ ® 

o -refaction ™ve to sveepThe Z l “--sary,, 

“»rous openings are t'/c^^^. «ren vails „ 


'b ! I. 


2 I I. 


^rous openin.. once, b'/c w>i 

P uings are considered hnt, ^ refl" vails v: 

^ Of the openings, mu. oxearing can take place j 

1:: --- 111: - - 
hhce to cover the vail ction wave travels a 

ilatance h’ is , . 

~ton wave ^st^traveltl: -^tan. 

* ^ access of Immedli 

-- :iirrsr - 

tie front f ™ tn figure 3 

ereas detel “''f'ied Into rectangu 
alons Of ''' "°=“tlon and d: 

“-tderlng the dlrec. 

“tirtest poaslhlell” 11“'^ ’ 

, following nannog, 

tep 1. Label l all . 

‘»i opposite sides"' ' 

a.'r'iQQ r» ^ * 


height ^ 


lu. an sides. 

D ®^®a8 cleared f:ron, ^ 

^ two adjacent sides 
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Step 3* Latel 2 , all areas cleared from one side. 

Step U. Latel 3/ all remaining areas. 

The wei^ted average clearing height is then: 

S h A 

(3.16) 

where = net area of front face (wh less openings) 

A = area of each portion of the subdivided front face, except 
° openings 

h = for areas 1 , the average distance between the sides from 
which clearing occurs 

a for areas and 3 j the average height or width, whichever is 
smaller 

= for areas 2 , the average distance between the side from which 
clearing occurs and the side opposite 

5 « the area clearing factor, 

n 

a 1/2 for areas 1 ^^ 
a 1 for areas 1 ^ 
a 1 for areas 2 

a 1 for ai^as 3 6 h A 

S = the notation to represent the summation of the 

term for all areas f 

h' = h or w/ 2 , whichever is the smaller 
The time required to clear the front face of a structure with open- 
ings of reflection effects t^ can now be evaluated from the relation 


t' 

c 


3hL/c^ 


(3. IT) 


"f/ ''refl 

Windows in a structure .will not be liumediately blown out; GEIEEHHOUSE 
data (see page 72 ^ reference 15 ) indicates that the window-breaking time is 
of the order of a millisecond or less. This time, however, is too short to 
be of any practical importance in computing the loading on the structure. 
Therefore, it is assumed that the windows fail as soon as they are struck 
by the shock front and do not affect the loading computation. 

The time cyrve of the average outside front wall overpressure on the 
net wall area can be constructed by the methods outlined in paragraph 3“083' 
and illustrated in figure 3.25 using the clearing time as defined by 
equation ( 3 .I 7 ). 
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b. Average Interior Pront Wall Ovei^ressure P 

. — i-fronf avera® 

interior overpressure on the inside of the front vail T 

bums up In a slMto manner as the average overpressures^M^th 
bach .aU Of a closed structure, except the vortices are locate/ar"" 
the inside edges of aU openings. Ihe build-up is linear from 
t - 0 to the peak overpressure P (see paragraph 1 11 
3.41 and 3.4P) of the Interior shocTat time t . A *7 'T 

' if/ o^ b' ij 

the weighted average build-aj 
height of the interior front 
wall computed from equation 
(3.16) hut with all quantity 
interpreted as applying tie 
interior surface of the front i 
wall. Hie oveipressure Is 
maintained and builds up agaii 
when the Interior shock is : 
fleeted back from the rear 
vail to a peak value which j 
dependent on the size of the 
structure. Equilibrium is 


''l-r.fl 


0 

1 

icT 


1 

1 

n 


^cq |u 


Lr/Co 3hJ/Co 


Ufo Co 


Time, t 




leT 


then attained when the nvov.., structure. Equilibrium i 

being the blast wave over- reaches P^; p 

pressure existing on the 
outside of the structure. 

Figure 3.38 illustrates the 
overpressure vs time curve 
for the inside front face 
of those structures in which 
V^io and 

figure 3.39 for those in 
vhich > 0.1 t^. 

^^^SSSeJetJ^out 



l*}/U|o + Lf/c, 


time-large rectm overpressure 

ge rectangular structure (L./Jj. )>0.1t 


(l^i/U.}>0.It 
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mined by subtracting the interior 
front vail overpressure from the 
exterior front wall overpressure 
on a common time basis according 
to the equation 
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^f-net “ ^front 


\-front 


P . t and 

■‘^f-net' front^ 


are given in terms of 



Figure 3.40. Average net front wall overpressure 
vs time— rectangular structures with openings 


where 
^i-front 

t. jf'igure 3.40 illustrates 
graphically the variation of the 
average net front wall overpres- 
sure with time. 

d. Average Exterior Back Wall Overpressure A time lag is 

present between build-up of pressure on the back wall due to the time re- 
quired for the blast wave to travel the length of the structiire. Until the 
windows or window frames in the back wall fail, the back wall loads behave 
in the same manner as those on the back wall of a closed structure. After 
the windows break the back wall loading is affected by the vortices formed 
at all of the edges of the rear openings due to the interior blast passing 
through the openings at the same time that the exterior wave sweeps the 
rear face. If it is assumed that the windows blow out instantaneously over 
the entire structixre, i.e., the window-breaking times are zero, the build- 
up time for pressures over the rear face is 

= K /% <3.19) 

where h^ is the wei^ted average build-up time of the rear face, defined 

6 h A 

(3.20) 


Ap is the net area of the back wall (gross area less openings) 




h , A are as defined in paragraph 3 -lla 


n 


hJ is computed in the same manner as h^ (the wel^ted average 
clearing height of the front face) 

The average overpressure vs time curve for the outside rear face can 
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3'l],c 


be computed by the methods outlined in paragraph 3-08b and illustrated • 

figure 3-27 using the build-up times as given in equation (3.I9). 

e. Average Interior Back Wall Overpressure P. , . Thp 

i-back ^ Presence 

of openings in the front wall of a structure permits a portion of the in j 
dent shock to enter through these openings, producing an interior shock 
wave weaker than the incident, which becomes approximately plane as it 
travels the length of the interior. That portion of the interior shock not 
passing through the back wall openings is reflected by the back wall ac- 
cording to the laws of normal reflection and retinrns toward the front. 
Quick clearing occurs on the inside and vortices form at edges of openings 
on the outside as the blast wave passes out through openings. 

In the prediction of inside pressures the structure is assumed to be 
smooth. Structural features which do not follow this idealization are 
neglected as regards their influence on the determination of interior 
loads. These features include interior columns along side walls, pipe 
sections which cross the Interior, etc. The peak overpressure of the in- 
terior shock wave is dependent upon the overpressure of the incident 

shock wave and the percentage of window openings. Figure 3*41 is a plot of 

^soi ^so <iifferent values of the ratio of the area of openings in 

the front face to the gross area of the front face A /A . Figure 3.42 
is a plot Of vs for various peak lacLnf overpressures, 

^ese curves are based upon data reduced by the Armrur Research Poundatio. 

LI7J from Shock tube tests performed at the University of Michigan [l 61 m 
at Princeton University [18] . 

The inside back wall remains unloaded until time t » L /u where 
L, is the distance from the outside of the front wall to the LsJ^ rear 

^io velocity of the inside shock front which is plotted 

in ^ figure 3-9. The overpressure on this wall is then instantaneously 
raised to the reflected overpressure value given in figure 3-20. 

e presence of openings in the back wall prevents the maintenance of 
s reflected overpressure and, hence, there is a linear decay to a value 
approach!^ the drag pressure in the inside blast wave. The time required 

waL I 7^^ ^ faction of the number and size of openings in the back 

wan and of the size of the structure. For relatively small structures 
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is an additional build-up following an initial decay due to the re- 
turn of the shock wave reflected from the rear wall toward the front wall, 
while for longer structures this second build-up is absent. It is assumed 
that the interior blast wave eventtially reaches a condition of ecLuilibrium 
wherein the interior and 


the incident blast waves 
have equal overpressures 
and the back wall inte- 
rior overpressure equials 
the drag pressure in the 
incident blast wave, with 
the time displacement 
factor t^ = 

To account for the 
effect of size of the 
structure on interior 
oveipressures, two curves 
of the interior back wall 
overpressures are given. 
Figure 3.43 is applicable 
to structures in which the 




Figure 3.43. Average interior back wall overpressure vs 
time-small rectangular structure (L./ < O.lt^ 


time required for the inside 
reflected shock wave to 
travel the length of the in- 
terior is less than one- 
tenth the duration of the 
positive phase of the out- 
side shockwave; i.e., 

l 7 u^ < O.lt . Figure 3-^^ 
i' io o 

is applicable to those struc- 


tures for which > 


O.lt. 


as a func- 


Figure 3.44. Average interior back wall overpressure vs 
time— large rectangular structure (L./V^^) > O.lt^ 


'o i-back 
tion of time is as illus- 
trated in these figures. 
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3-l]f 


NOTE: Pb-n»t = Pi-bock ~ Pbock 




/\ / "’♦•rior Bock Wall Ov«rpr«»sure. Pi-bock 

^^Averoge Exterior Bock Wall Overpressure, Ptock 
yAverege Net Back Wall Overpressure, P 5. 


Time, t 

Figure 3.45. Average net back wall overpressure vs time— 
rectangular structure with openings 


b-net 


p _ p 

i-back ^back 


average net ovei^res- 

sure acting oa the 

back wall p . 

b-net 

determined by sub- 
tracting the exterior 
back wall overpres- 
sure from the iate- 
back wall over- 
pressure on a common 
time basis according 
to the equation 

(3.21) 


vhere R p ^ ^^^k ( 3.21 

-tn 4 . i-back^ ^back S^^ven in terms or t. Figure 3.45 

ll^^trates t.e ..nation oi the average net ^iTIve. 

pressure with time. 

g. Average Exterior Roof Overpressure P t 4 . 1,4 

. ’''•^-p-ressure F In this paragraph it 

, rooi is p:ane,rSH 53 StSr^tnout roof surl!e 

ms. ^eraiore, tte average overpressure vs tirse curves on the - 

replaceatr^ te 

series ^vo oata- 

-ior ^ - - 

P^ssure on the insiae o: (he ^ ^ 

initial peak overpressure of the inside h > ^ b^^io 

tion of the inter-io >, i reflec- 

n 01 tbe interior shock from the rear face win ^ 

fleeted shock then tnnvr T X ^ place. This re- 

sures along the under siL'of°I^rro!f 

~ . the vortices at the fro^ fat asrrt throu. 
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3 -lli 


openings and no fur- 
tHer reflections oc- 
cur. The average roof 
oveirressure then de- 
•creases from the rear 
face reflected value 
to the equiliti'i'nni 
value of Pg, the in- 
cident air blast 
overpre s sure . Figure 
3 . 11-6 displays the 
average interior roof 
overpressure for 
those structures in 
vhich 



Figure 3.46. Average interior roof overpressure vs time— small 
rectangular structure (L./ V.^) < 0. It^ 


< O.lt, 



Ll/Uio 


Figure 3.47. Average interior roof overpressure vs time-large 
rectangular structure (L./ V.J > O.lt^ 


Figure 3-^7 dis- 
plays the average in- 
terior roof overpres- 
sure curve for those 
structures in which 

> O.lt . In 
1 ' io o 

these struct\ires the 
average overpressure 
does not build up to 
P, „ since the 
shock va’^e reflected 


from the rear face 
decays before it can 
spread its higher pressures over the whole of the imderside of the roof. 

i. Average Net Roof Overpressure Pj,_j^et' average net over- 

pressure acting down on the roof ^j._net determined by subtracting the 
average interior roof overpressure from the average exterior roof 
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Not.: 

A 

/ I ^-Averoflt Interror Roof 
/ OvtrprtMure, Pi-roo# 

' \ 



Avtroflt Exterior Roof 
Overpretiure, 

Averogt Net Roof 
Overpretiure, Pr-net 




Figve 3.48. Average net roof overpressure vs 
tme-^ectangular structure with openings 


overpressure on a common time basis 
according to the equation 

P as p p , 

r-net roof ^l-roof (3.22) 
ngure 3.M illustrates graphiesa, 

the variation of the average net 
roof overpressure with time. 

J* Average Exterior 
Wall Overpressure P rm,. . 

rior loading on the side can be 
handled as for closed rectangular 
structures in paragraph 3-08f, ex- 
cept that the quantity h* should 
be replaced by h^. It is assumed 
that the side is vithout openings; 


however even if ^ without openings 

e™ If »lndo« preset, the cabined action of exterior 1 

Interior pressures «!, prevent their hreaiage. In any ease the T 

is considered to he negligible. “ 

k. Interior Si de Wall Overc^..,,... p _ _ 

iaterlor sIEVuU o.ennessare is handlerSlSStl^^ average 
the average interior roof overpressure It Is a “ 

vlthout .^nlngs, as for the exterior side vaU ^ 

1- Aversgejjetsid^ | sore: 

Overpressure ~ 


s-net* average 


net overpressure acting inward on 

the side wall p -in ri.a 4 . 

, ^ s-net . 

"iaai hy subtracting the average in- | 
Parlor side MU overpressure from ' 

tie average exterior side mu „ver^ 
pressure on a coemou tine basis ac- 
cording to the equation 

li^ * ' ^I-Blde (3.23) 

3. 9 Illustrates graphically 

tte variation Of the average net 

aide SHU overpressure with tine. 



Averogt Interior Side 
Woll Overpressure. P 

’ I -fid 

Averogt Exterior Side 
Wall Overpressure, P..,,. 

’ tlQt 

Av.rag. N.t Side Wall 
Ov.rpr..,ure, 


8 e 3.49. Average net side wall over- 
pressure vs time-rectangular 
structure with openings 
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2_12 PROCEDURE! FOR COMFUTATIQg OF LOADS OH RECilAJKjmAR STRUCTURES WITH 
OEENINGS. Repeat Steps 1, 2, and 3 'under paragraph 3 -O 9 . 

a. Average Exterior Front Wall Overpressure vs T-l.Tne. step 1. De- 
temine h^ from the relation 




‘E 


6 h A 
n n n 


Step 2. Determine h’, the clearing hel^t for the front face, treat- 
ing it as if it were closed. Use h^ » h', if Step 1 gives h^ > h'. 

Step 3 . Detennine t^ from the relation t^ * ^^f/'^refl' 

Step Use Steps 1, 2, and 6 to 9 of paragraph 3-09a to obtain the 
curve of 

t. Average Interior Front Wall Overpressure vs Time, Step 1. De- 
termine h^j, the T, ehted average build-up hel^t for the inside front 


wall. 

Step 2. Determine knowing and from figure 

3.1t-l or figure 3.k2. 

Step 3 . Determine U^^, knowing from figure 3 . 9 . 

Step Determine knowing Pg^ji^y from figure 3.20. 

Step 5 . Determine the curve of using figure 3.22 or table 3.1. 

Step 6. Plot the curve of P^.p^^ont illustrated in 

figures 3.38 or 3*39- 

c. Average Net Front Wall Overpressirre vs Time. Step 1. Knowing 

P„ , and p, , for a sequence of times t^, t^, t , etc., detennine 
_front _ back_ L d 3 

p , = P , - P, , for each value of t. 
f-net front back _ 

Step 2. Plot the curve of P-f_] 2 et' s-s illustrated in 

figure 3*^0. 


d. Average Exterior Back Wall Overpressure vs Time. Step 1. De- 


termine 




from the relation 


Step 2. Determine h', 
ing it as if it were closed. 
Step 3 . Determine t^ 
Step 4. Use Steps 1, 2, 
curve of vs time. 


6 h A 

E n n n 

bhe clearing height for the rear face, treat- 


Use h^ - h', if Step 1 gives h^ > h‘. 
from the relation t^ = 
and 4 to 8 of paragraph 3 - 09 b to obtain the 
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e. Average Interior Back Wall Ovejrpressure vs T^TnA. step l. 

mine the wei^ted average build-up hei^t for the inside back vail 

step 2. Detenuine and aa la paragraph 3-a. 

Step 3* Determine t, » L./u. . 

d i' io 

Step 4. Determine overpressure at time t - t^ » ^i/°o th e 


relation 


^i-back “ ^soi + ^^i-refl “ ^soi^ 


Step 5. Determine the curve of + 0.85q as in Steps 1 and 6 to 
of paragraph 3-09a. 

Step 6. Plot the curve of \ , vs time as illustrated in 

figure 3.43 or 3.44. 

Wet Back Wall Overpres s ure vs Time. Step 1. Knowing 


i-back 


b-net 


^ ■ ■ " ■■ ■ ivxxuwXXig 

= of tunas t^, etc., datamlaa 

“ h-tack ■ ^baok dash ™iue of t. 


step 2. Plot the curve of P vs tine as lliuatrated In 

figure 3.k5. 

/■ ^ terage Brterlor Hoof Overpressure vs Ttme. step 1. Use Steps 
to of paragraph 3-09e to deterailne the, curve of P vs time, but 

replacing the quantity h. appearing In any of these by h'. 

J. I' Oremressur. v. Step 1. teterudne 

soi' ^i-refl Ps^ragraph 3-12b. 

Step 2. Determine t^ m L^/2U 

S*bGp 3 • ^G*b0niij[.lli0 "bllO CUTHI/'P rvP "D j _ri * 

tne curve^of P^ using figure 3.22 or table 3.1. 

Step 4* Plot the curve of* P 4.4 

figure 3.1*6 or 3.47. time as Illustrated In 

eM /■ ^^^^g^^^-^S^-tpressura^a^ Step 1. p ^ 

T3 ^Tf V V tj, etc, deters,, 

roof i-roof value of t. 

Step 2. Plot the cuive of P a xa 

figure 3.k8. h-net illustrated in 

^erage Exte-r-tn -r gi^e y a, 

the procedii^e of nar^o^: . . Step 1. Use 


the p«>ee,^ ,, """" 

tut renlaclni, . . determine the curve of P___ vs time, 


but replacing the quantity h' by h’. 
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k. Average Interior Side Wall Overpressxire vs Time. The curve of 

Pi-side ^ as ^i-roof> Presented In para- 

graph 3"12h. 

l. Average Ifet Side Wall Overpressure vs Time, step 1. Knowing 

Pside ^i-side ^ sequence of times t^, etc., determine 

p « P ^‘°r each value of t. 

Ps-net side i-side _ 

Step 2 . Plot the curve of Pg_^^g^ vs time as illustrated in 
figure 3 -^ 9 « 


LOADING ON STRUCTURES WITH GABLED ROOFS 


3-13 LOADING ON GABLED ROOFS, a. Average Front Slope Roof Overpressure 

p , Shock Front Parallel to Ridge Line. When the shock wave strikes a 

roof^ 

roof surface, or the earth cover of 

i semihurled structure, pitched as 

in figure 3-50(a) or (b), oblique 

reflection of the shock front occurs. 

rhe reflected pressure P is a 

X* "“Cz 

function of the peak incident over- 
pressure Pg^ and the angle of in- 
clination of the roof 9. The ratio 
c/^so plotted in figure 
3.11 as a function of the angle of Figure 3.50. Typical gabled roofs 

incidence a, here equal to 90 ° -9. 

For a given angle of inclinatioh of the roof, the ratio of the maxi- 
lum average overpressure to the reflected overpressure is a constant when 
the overpressures are expressed in terms of their deviation from the over- 
pressure in the incident shock wave. This relation is expressed as follows. 



where Kg is independent of the peak incident overpressure 


(P' ^ - P t)/(P ^ - P J 

' roof sL ' r-a sL 


( 3 . 24 ) 
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2 0.4 


51 0.3 


^r-a ' reflected overpressure as obtained from figure 3.11 

I I r I The factor is plotted as 

^ Of e in figu^g 

I average overpressure on 

“ front roof slope p' 

1 — t 4 .J M computed from the SLll 

I equation 



^roof * ^sL + ^e^^r~a " ^sT^ 


20* 30* 40* SO* 60* TO* 


OU- ru’ _ 

Inciinotion of Hoof , 9 average Overpressure on 

3.SI. ^ Slope of the roof Wi* 

roof overpressure vs inclination of roof linearly from zero at time 

V eiuatlon (3.25) ^t time t = t .. r/Jr ’ 

- the dr., overpresshre 4 J t 

the relation <i and is given by 

for aU times in excess of t i/t°^+ 3 lAu 

p _ A ^ oWW . where 

roof “ average oveiq)ressure on 

the front roof slope „ .q g ^ 


dent shock wave ^ 

^^otor I ' 

i.„: 

1 = dynamic pressure 45. -3^ ^ _. . . , 

* in^f • plotted Windward Roof Leeword R^of 

in figure 3.52 as a » 

®ie local ^ Drag coefficient for gabled 

local oveiqjressure vs time ^sle of roof 

at a point on the front slope of th 

an instantaneous oveivjressur gabled roof surface consists of 

lowed by a linear decrease + +v, reflected pressure p fol- 

th a alearlh. til ™ 

'^g pressure curve is equal to +h ^ ° displacement for the 

from the front edge of the structure ^ the shock to travel 

he point at which it is desired 


o 

a + 0.2 



^ '=• 0 rs* 30* 45- 

Wlndwo rd^Roof ^ Leeword Roof 

figure 3.52. Drag coefficient for gabled 
roofs vs slope angle of roof 
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3-13a 


to determine the local overpresstire. 

The local overpressure vs time curve at a point on the rear roof 
slope consists sin^ply of the drag overpressure given by equation (3.26). 

The time displacement t^ for the drag pressure curve is equal to the time 
required for the shock to travel from the front edge of the structure to 


the point at vhlch it is desired to 
Figures 3*53 and 3«5^ 
illusti«te average overpressure 
vs time cxurves for the front 
roof slope in the first bay and | 
in any bay. The first bay time- ' ^ 
displacement factor t^ is S 

given above, and for any other t 

O 

tay it is the time required for 
the shock front to travel from 
the front wall of the structure 
to a point halfway across the 
front roof slope of the bay. 


determine the local overpressure. 

Note: to *1/4110 L Is Minimum Length of Roof 



Time, t 

Figure 3.53. Average overpressure on windward 
roof slope of first bay of gabled structure vs 
time—ridge line parallel to shock front 



Figure 3.54. Average overpressure on windward roof 
slope of any bay of a gabled structure vs time- 
ridge line parallel to shock front 


The local overpressure 
vs time curve at a point on 
the front slope of the gabled 
roof svirface consists of an 
instantaneous overpressure 
rise to the reflected pres- 
sure P _ followed by a 
r-a 

linear decrease to the drag 
overpressure, given by equa- 
tion (3.26), in a clearing 
time equal to L/2JJ^. The 
time displacement for the 
drag pressTire curve is equal 
to the time required for the 
shock to travel from the 
front edge of the structure 
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to the point at which it is desired to determine the local ovei^ressure 

b. Average Rear Slope Hoof Oveirressure Shock Front W , I 

~ ' ~ " ' ~ " 


. • : roof' — rx-un-c parail 

to Eidge Line. Ho reflection takes place on the rear roof slope, 

of figure 3.50. The oveipjressure builds up linearly from zero at time 

t » td - L/ii-U^, the time at whlcii 



the shock front reaches the roof 
peak, to the overpressure as given 


by equation (3.26) at time t « t x 
LAUq* For the rear slope of the 
first bay the time-displacement 


factor is t . 


3lAu^. 


The ave> 


Figure 3.5S. Average overpressure on leeward 
roof slope of first bay of gabled structure vs 
time-ridge line parallel to shock front 


age overpressure-time curve on this 
surface is illustrated in figure 

3.55. 

The local overpressure vs 
time curve at a point on the rear 
roof slope consists sinply of the 
drag overpressure given by equation 


tL ! for drag preBoare otrrvo Is equal t. 

awe It Is desired to determine the local oveipiressure. 

^ Overpressures. Shoo Perpendlcler e. 

smaller; the build-up helg^rof I^LII whichever is the 

liei^t of that wall or half the 

Clearing and build-up heists forgablefsTT " 

puted by the procedures in paragmph 3-11. 

3 - 1 ^ HjOCEDTJRB FOR COMPTim/^TIOTT nw Toanc nur 

=*apeat Steps 1, 

a. Average Fr owb sio-n<» p^n-p n, 

feont Parallel to Rld.„. ts J arp ress ure ^ 

figure 3-. 9. ^ knowing from 
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Step 2. Determine t^ = L/4 u . 

Step 3- Determine Kg, knowing e, from figure 3. 51. 

Step 4. Determine the overpressure in the incident shock wave 

at time ~ figure 3. 10 to get t^ and figure 3.22 to 

find PgL/Pso' 

Step 5- Determine P , knowing a = 90° - 0 and P , from 

i -u so 

figure 3.11. 

Step 6. Determine "tiie average maximum overpressure on the 

roof at time t = from the relation 

^roof " S^^r-a “ ^sl^ ^sL 
Step 7. Determine C^, knowing 0, from figure 3-52. 

Step 8. Determine P + C^q. by use of Steps 1, 6, and 7 of para- 

S JJ 

graph 3 -09a and the following table. 


time, t “ ^(3. 

(t - \)/t^ 

i/«o 

q. 


(1) (2) 

(3) 

(4) 

(5) 

(6) (7) (8) 

Colimin (1) is a sequence 

of times 

from 

t = t, to t = t 
d ( 


uoxuinii v-*-; is a sesLuencje oi ujLmet) irom ^ ^ ^O* 

Column (4) is obtained from figure 3*24 or table 3*2 for the values 
in column (3)* 

Cnl iimn (7) is obtained from figure 3*22 or table 3'1 for the values 
in column (3)- 

Step 9. Plot the curve of vs time as illustrated in 

figure 3.53- 

b . Average Rear Slope Roof Overpressure in First Bay vs Time, Shock 
Front Parallel to Ridge Line. Step 1. Determine U^, knowing P^^, from 
figure 3.9. 


Step 2. Determine t^ = 3L'/4U^* 

Step 3* Determine P + C—Q. by following Steps 7 and 8 of paragraph 

S 

3-l4a. 

Step 4. Plot the curve of ^]»oof time as illustrated in figure 

3.55. 
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LOADING OK EXPOSED STRUCTriRAT, IvffMRTO.c! 


3*15 


3-15 LOADING ON EXPOSED STRUCTURAL FRAMETOEKS. The blast wave loading 0 
structxires with open steel frameworks such as bridge trusses, steel towe 
or steel industrial buildings following the destruction of frangible walls* 
is caused almost entirely by the drag pressxire resulting from the hi^. 
veloclty blast wind which follows directly behind the shock front. The 
load due to the unbalanced pressures resulting from reflection and diffrac- 
tlon of the shock front can be neglected because of the extremely short 
duration of these effects. A structure of this type consists of structumi 
elements whose dimensions are so small that their front face clearing ttes 
are less than 10 milliseconds. In addition the menflcers are so small that 
they are enveloped by the blast wave in a similar short length of time. 
The total load on the structure due to the drag forces can be obtained by 
computing the load on all the individual elements of the buildings, front 

and back walls and intermediate ele- 
ments, and adding them together on e 
common time basis. The total drag 
overpressure on an element can be 
computed from the formula 

Drag overpressure « (3.27) 

where 

Cjj *= coefficient of drag ob- 
tained from figures 3.56 


DRAG COEFFICIENTS, Co, FOR VARIOUS 
STRUCTURAL CROSS-SECTIONS 



Direction of Wind 

Shop# 

Co 

Shape 

□ 

2.0 

r~ 

1 

2.0 

0 

I ‘ 

2.0 

ti^ 

i-i» 

1.8 

t -iir 

L 

2.0 

t|*-;| 

n 

1.8 


* Stondord or 

Wid. Flang. S.ctiont 


2.0 

1.0 

2.0 

2.0 

2.2 




drag COEFFICIENTS (Co)„ FOR windward (UNSHIELI 

TRUSS OF BRIDGES 

«hS’-A “hTtoto,” S*' 

boundary, of th. truM,*“A'T,' l" 

m.mbdr. in o plon. normol to th. wind di^cJ’lon 
For single ,pon truss..: oTOction. 

(Co),. 1.8 

_ G>0.25 (C„) • I fi 

For multiple spun or very , on, spon Vum.; 


0.00<G < 0.20 
0.20<G <0.30 
0.30<G <0.90 
0.90<G < 1.00 


(Co), = 2.0 
(Co), * 1.8 
(Co), » 1.6 
(Co), *2.0 


structural shapes and trusses 


and 3.57. This coeffi- 
cient is applied to the 
Individual structural 
elements 

q * dynamic pressuire due to 
the air velocity in the 
Incident blast wave at any 
time « pu 2 / 2 , and is de- 
termined from figures 3.23 

and 3.24 

where L is the dis- 
tance from the front por- 
tion of the structiire to 
the element for which the 
load is being con^iuted 
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3'16 


note: tj, » L/Uo 


Figure 3.58, Drag overpressure vs 
time on exposed structural element 


Figure 3.58 illustrates the drag 

Co <». K overpressure-tiiae curve for an 

• \ note; • L/u» " ejijosei 

I \ located at distance 1 

I front portion of a structure. The 

° total load on the element at any time 

p is obtained by multiplying the drag 

" Tim»,t overpressure (at any time) by the pro- 

f»>rc 3 . 58 . Drag overpressure vs Jected area of the member transverse to 

time ort exposed structural element the direction of travel of the blast 

wave. The total load on the structure 
at any time is obtained by summing the loads on all the individual members 
based on time t, referenced to the instant the frontmost elements of the 
structure are struck by the shock wave . 

The oveipressure-time curve 
for the front wall supporting ele- 
ments of a structure with frangi- I 

ble wall covering is shown in t 

figure 3 • 59 * The overpressure on ? 

la. ^'**''‘*''**H^ 

the front wall prior to the time “ 

of failure is determined as pre- t. 

viously described for the front Figure 3.59. Drag overj}res.<!ure vs time on front 

wall of a closed rectangular elements .supporting frangible wall panels 

Structure. The time of failure is actually a very short time for frangible 
c:iaKnt8 ccnsarsd to t^, and the load transmitted to the supporting els- 
•Knts prior to failure may be neglected. After the front wall falls the 
ing elements are subjected to the drag overpressures given by equa- 
7 The overpressnre-tlne curve for the back wall supporting 
e^nts is similar to that for the frant wall except all times are dls- 

pced by the tlme-dlsplaeement factor t^ . L/u where L Is the dls- 
^ee hewn the front and hack wall. Af^r failure of the back wall, 
back wall supporting elements are sublect^^fl +n +>. ,, 
given hy equation ^ ® overpressures 

iLuvai,!, ™ coMPomnon of loads oh exposed smrmTRAi framewohcs. 
Bepeat Steps 1, 2, and 3 of paragraph 3-09' 


T»m«, t 


Figure 3.59, Drag overpressure vs time on front 
wall elements supporting frangible wall panels 
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Step 4. Determine U^, knoving from figure 3.9. 

Step 5 . Determine t^ » time for shock wave to travel from reference 
point to member under consideration. 

Step 6. Determine from figure 3.56 or figure 3.57. 

Step 7. Determine q.^, knowing from figure 3.23. 

Step 8. Determine q., knowing for a sequence of times from 

figure 3.24 or table 3-2. 

Step 9. Evaluate C^q for these times. 

Step 10. Plot the curve of net drag overpressure vs tinre as illus- 
trated in figure 3*58. 

LOADING ON CYLINDRICAL SURFACES 


3 .IY loading on CYLINDRICAL ARCH SURFACES, a. Cylindrical Arch Overpres- 
sure P^y3L> Axis Parallel to Shock Front. 

Figure 3.60a is a definition sketch for 
the notation used in the determination of 
the loads on a cylindrical arch surface. 

Structures in this category are illus- 
trated in figure 3.60b. These consist 



X * -^(cos 9' -cot 9) 





Figure 3.60b, Illustration of structures 
with cylindrical arch surfaces 


Figure 3.60a, Definition sketch for 
cylindrical arch notation 


of exposed arch structures and sur- 
face structures of various shapes 
covered by an earth fill* If the 
arch or earth-fill surface is not 
truly circular^ it is approximated 
by an arc of a circle as illustrated 
by dashed lines in figure 3.60b(c), 
and the loads are conq)uted for the 
equivalent circular surface. Note 
that in some cases a better approxi- 
mation of the ground sinrfade is ob- 
tained with a gabled roof shape, in 
which case the loads are computed as 
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described in paragraph 3-13- Procedures given in this paragraph detenii; 

the air blast loading as a function of time on the cylindrical arch su 

exposed to the air blast, whether it be the surface of the arch on the 

posed structure, or the surface of the rounded fill over the covered stPft. 

ture. With this procedure, zero time is the Instfint at which the incideit 

shock front first strikes the cylindrica.! arch surlacc at its intersection 

•with the horizontal ground surface, along the line defined by 0 = 

Figures 3.6l and 3-62 illustrate the variation of the local overpres. 

sure P with time on the surface of a cylindrical arch. Each of these 
cyj. 



-Co'lo 


2 


a 

m 

O 



Figare3.6l. Local overpressure on front sur~ Fifj,uri- 3.61!. Lnctd overpressure on leeumi 

face of cylindrical arch vs time-axis par- surfafc of cylindrical arch vs time-axis 

allel to shock front, 0°^ 0'< 0 < W" parallel u, shock front, 

figures is valid only within a certain range of 0 vjilues, which are de- 
termined by the clearing time peculiar to eacti. 'I'hcT.e times and the se- 
quence of overpressures within them are defined nr, follows: 

For 0° < e« < 0 < 90° (figure 3 overpres»in*e at a given 

point rises instantaneously from zero to P at time t_ = x/U - The 


P at time t, = x/U 
r-a d ' 0 

value of P is given in figure 3-11 a 
of incidence of the shock wave. For the cylinder of figure 3-60a, 0! = 


a function of Ot, the angle 
3.60a, a = 
where the 


t 


t , t 
d c 


Clearing of reflection effects occurs at time 
clearing tljne t^ is given by 

t = 4h/c 
c ' refi 

The local overpressure at any point after thie clearing of reflection 
effects Is given by equation (3.29). p , acts normal to tbe surface of 
the arch. 

V = ♦ '1 
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3-17a 

;jtiere a is the dynamic pressure incorporating the time-displacement 
factor t^ 

C is the local drag coefficient, •which is a function of 9 anfl is 
® obtained from figures 3*638'/ b, c, and d and 3*64 as discussed 
below 

P is the overpressure in the incident blast wave at any time 

® t - t, 
d 



9 (degrees) 


Figure 3,63a. Local dynamic pressure coefficient for cylindrical arch- 
axis parallel to shock front— supersonic Mach numbers (M > 1) 
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Figure 3,63b, Local dynamic pressure coefficient for cylmdrical (wch-^-axis parallel 
to shock front-^high subsonic Mach numbers (OA <M <1) 


The distribution of dynamic overpressures sibout an arch is a fimctioH 

of both the Reynolds number R^ and the Mach number M of the high- 
velocity wind in the blast wave [48, 54]. The Reynolds nxmiber, a dlmeU' 
sionless quantity of the type is a parameter which characterizes the 

relative Importance of viscous action in steady nonuniform flow. Since tie 
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Time Ratio, — 

to 

Figure 3»64. Mach number of undisturbed stream vs time ratio for txirious peak overpressures 


viscosity n and the density p appear as a ratio in the Reynolds number 
it is convenient to treat this ratio of fluid properties as a property 
itself. Thus, the Reynolds number involves only the arch diameter D, a 
velocity u, and the fluid property p/p. The Mach nunher, also a 
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dimensionless guantity, is the ratio of the actual velocity in 

^ ^0 the velocity 

of sound. 

In the following discussion, the distribution of dynamic -nr 

“SSUTgo 

about the circular arch is assumed to be the same as the distribution 
a circular cylinder having the same diameter. Then the results of 
mental studies conducted on flow past circular cylinders can be utilised 
for this problem. , This procedure will introduce some error but it is t 
lieved to be insignificant compared to the uncertainty associated with th 
basic data. 

For flow at low Mach numbers, the pressure distribution and the total 
drag force change abruptly for a Reynolds nunber range between Z{lof and 
5(10)^. This transition is very sensitive to the smoothness of incident 
flow, temperature gradients, and roughness of the surfaces. The explana- 
tion advanced for this change in pressure distribution and decrease In drag 
is that the boundary layer changes from laminar to turbulent at this crlt- 
ical Reynolds number and causes the separation point to move farther hack 
resulting in the redistribution of dynamic pressxnre observed. 

As the Mach number of the flow is increased, this decrease in total ' 
drag and redistribution of pressure at the critical Reynolds number lecoiea 
less pronounced until at a Mach number of about 0.4, it no longer occurs, 
The separation point does not move when the boundary layer changes froi 
laminar to turbulent and is probably fixed by the presence of shock waves, 
For flows with a free stream Mach number greater than 0.4, the pressure 
distribution is not influenced hy the Reynolds number hut it is someTdiat 
dependent upon the Mach number, the distribution being different for super- 
sonic flow than for subsonic flow. 

Four pressure distributions are necessary in order that the entire 

ranges of Reynolds and Mach numbers can be considered. The critical values 

of Reynolds and Mach numbers are arbitrarily taken as R « 5(10)^, M = 0,1, 

and 1.0. These dynamic pressure coefficients are applicable for steady 

since the flow about the arch is far from steady, 

the^^ i’^troduce some additional error. The order of magnitiide of 

be ascertained by comparing the results obtained hy this 

procedure with direct measurements in field tests in which unsteady effects 
sre present. 
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C 

The expression for the local pressure coefficient 'when R < 5(10) is 

Cp = 172 ‘ V(L/Df ] (3.30) 

where 

C* is the local pressure coefficient for an arch infinitely long 
^ vhen R < 5(10)^ (figure 3.63'a) 

L is the length of the axis of the arch 
D is the- diameter of the arch 

The Mach number is plotted in figure 3-64 and the ratio of Reynolds 

nuBiber to cylinder diameter is plotted in figure 3*65 for a range of inci- 

t “ t^ 

dent peak overpressures as a function of . 



For 90 ° < e < 180 ° (figure 3-62): The overpressure at any point on 
the leeward side of the cylinder rises instantaneously from zero to a 
finite overpressure at time t - t , = 0 , given by 

= (1.5 - 

This initial overpressure clears to the value of as given by 

equation (3.29) at time ^c^ where 
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Appendix k, Transonic Drag Pressures, appearing at the 

« em of this 

manual has been extracted from a report prepared by Amman and Whita 
Consulting Engineers, under contract DA 49-129-Eng-319 with the Chi^f' 
Engineers. 

A method is outlined and charts included for evalua+ino- 

pressures 5. 

earth- covered aboveground structures that have sloped embankments and 
limited flat earth fill over their top. The method is hnnori .... * 

uttsea on aerodynaii, 

principles which have a laboratory background. The results obtained 
for a flat-top shock which must be converted to a shock that varies w'th 
time when applied to the analysis of structures to resist atomic weapons 
The application to shock waves which vary with time can be accon^lished t 
a similar manner described above for the equivalent circle method. At th! 
present time the method outlined in appendix A has not been sufficiently' 
developed to be set forth as a preferred method of analysis. SupplemenL 
data will be available at a future time. 

Average End Wall Overpressure Axis Pa rallel to Shock 

1 ront . The average overpressure 

p| 0 — N0TE:td-0co.fl'/2u„ OH the ends of a cylinder 

i I /\ oriented as in figure 3 . 60 a is givei 

I /I ^p..o. 85 <, in figure 3-66. It is assumed that 

a / I ol‘ incident oveipres- 

o / 1 I sure in the time required for the 

~ ^ -7 shock vave to travel across the cyl- 

Figure 3 66 ^ ^ inder is linear and that the average 

sure 3.00. Average overpressure on closed 

of cylindrical arch vs time-axis Overpressure on the ends is equal to 

^ 0 shock front overpressiure in the incident 

P^ with the time-displacement factor t^ = D cos d' l2J^, 

Front Cylindrical Arch Overpr e ssure, Axis Perpendicular to Shock 

- overpressure at any point on the periphery of the cylin- 

cLrico.! 8*rch oriGiit 0 d "wi ■f'ln + 

perpendicular to the shock front is the 

tor^t i“-cident blast wave P with a time-displacement fac- 

tor t = L'/u where T ' ^ 

, . , ° distance from the front end to the point 

‘ "W=h the oveiresBuie Is desired. 


NOTE: td *Dco$^'/2Uo 


+ 0.85q 


Tlm», t “ 

Figure 3 . 66 . Average overpressure on closed 
ends of cylindrical arch vs time-axis 
parallel to shock front 
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d. Average End Wall Overpressure, Axis Pejrpendlcular to Shock Front. 
jlie average overpressure on. the front and hack ends of a cylindrical arch 
oriented with its axis perpendicular to the shock front can be computed as 
outlined in paragraphs 3-08a and 3-08b. The clearing height for the front 
vail and the build-up height for the back wall are equal to h as shown 
in figure 3*60a. 

2,18 PROCEDURE FOR COMPUTATION OF LOADS ON CYLINDRICAL ARCHES. Repeat 
Steps 1, 2, and 3 of paragraph 3-09* 


a. Local Cylindrical Arch Overpressure vs Time, Axis Parallel to 
Shock Front. Step 1. Determine P , knowing a = 0 and P , from 
figure 3.11 for 0 < 90°. Initial P^^^ = (I.5 - 0/l8o)P^^ for 0 >90°. 


Step 2. 

Determine 

knowing P^^, from figure 3.21. 

Step 3- 

Determine 

\ ® ^ S°° 

(0/90) for 0 
Step 4. 

> 90°. 

Determine 

U , knowing P , from figure 3.9. 

0 SO 

Step 5* 

Determine 

t, = x/u . 
d ' 0 

Step 6. 

Determine 

t - t 

— 7 at which M = 1 from figure 3 *64# 

u 

Step 7* 

Determine 

o 

Cjj for times less than this value from figure 

3.63a. 

Step 8. 

Determine 

t - t , 

— at which M = 0.4 from figure 3.64. 

Step 9. 

Determine 

o 

for times less than this value but greater 

than the time 

determined 

in Step 6 from figure 3.63b. 

Step 10. 

Determine 

t - t , tr 

^ ^ at which R - 5(l0)^ from figure 3.65. 

t 

0 

Step 11. 

Determine 

for times less than this value hut greater 

than the time 

determined 

in Step 8 from figure 3.63c. 

Step 12. 

Determine 

for times in excess of the value determined 

in Step 10 from equation 

(3.30) and figure 3.63d. 

Step 13. 

Determine 

p + Cj^q by following the procedure of Step 8, 

paragraph 3-l4a. 

Step l4. Plot the 

curve of P vs time as illustrated in figures 

cyx 


3*6l and 3.62. 
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b. Average End Wall Overpressure vs Time, Axis Pars.n^ i 
Front. Step 1. Determine t , = D cos 0'/2U,, . 


Step 2. Determine values of for a sequence of times 

J 

0 


from t - t^ = D cos e'/2U^ to t - t^, - i‘rom table 3 .I or 


d V- w --- j.igure3jp 

Step 3 . Plot the curves of vs time as illustrated in f ' 

3.66. 

local Cylindrical Arch Overpressure vs iime. Aocis ^ 

to Shock Front. Step 1. Detennine t^^, the time »'onuired fbTthT^h^ 
front to travel from the front end of the arch to the point under 
sideration. 

tep 2 . Dete nnine P^ 1 or a sequence of timer., with a time- 

displacement factor t,. 

d 

Step 3* Plot the curve of P ■ p . 

^1 Oveiprc ^isure vs 'A Ln i e . Axis Pen)ondicn1«. .. 
S hock Front. Step 1. Detemine the clearinr h'.. h (see figure 

3-63a). ^ 

Step 2. Plot the curves of p^, 
methods of paragraphs 3-09a and b, rcsip'. tdvf-! ,■ 


'voni ‘liack using 


LOADIPAi 




3-19 LOADIWG on spherical DONTi.: 


fijid- 


— n ■t't-lejn -onvention used t( 

talgMte a point on the nunlnoe a . h- ; I 1 l.,,l 1 „ 3 . 6 ,, 

With the notation adopted, at.y point on t,.o potiph.o,. ,r a nphertcal d« 

IS located hy the two angles (■> an.. i , ■ 

, b o 8 . 1 ,. t .,j. ij-f p any point on the 

sphere, 0 is the angle between >}r \ ■ ■ 

1 '^cwcen u.e norozonrai uJ?imu ter parallel to the 

direction of travel of the shock and ^ ‘ e -i • ’ ot - ■ ■ 4 v ^ 

. ’ I'id dc;, an .'oining the surface 

point to the geometrical cent or- roc c 

, ol Inti spue re. '."ho elevation of the point 

e a horizontal plane through the center of i.he .•-.phere is R sin 0 

center f between the horlzonf.al pUne through the 

sphere and the inclined plane ceritaining points 0, O', andp, 

the sur-F with time of the local overpressure P normal to 

tne surface of thp ^ ^ dome 

figure. . 01 ^ cylinder as show in 

j-igures 3*61 and rriv^ 

overpressure at, a givt.-n point rises 
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instantaneously from zero to 
at time t^ = where x = (d/2) 

_ p cos 0 with d being the dis- 
tance across the dome at its base and 
U is the shock front velocity. The 
a^le of incidence at the inrpinging 
stock -wave is equal to 0. For 
values of 0 less than 90° the re- 
flected oveipressure is obtained from, 
figure 3.11; for 0 greater than 90° 
the maximum overpressure is given by 
the relation 


plane 00' | 



^ / R sin 6 


cos® 


View B-B 





0 , 0 ' 

Elevation A-A 



(1.5 - 0 /l 8 o)P 


(3.33) 


The initial maximum overpres- 
sures are cleared in time t^ as 
given by equation ( 3 • 3^) ^ where h 
is the height of the dome above its 



Rein 
sfn^ / 

/ 

B 


Plon View 


‘c = for 0 < 9o‘ 


( 3 . 311 ) 


Figure 3.67. Definition sketch for 
spherical dome notation 


\ = (3VCrgfl)(e/90) for 0 > 90° 

The local overpressure at any point after the clearing of reflected 
overpressures is given by equation (3.35). 

P. = C_a + P (3.35) 


P, = CT..q + P^ 
dome s 


where 


q = unit drag pressure incorporating the time-displacement factor t^ 

C._ = local drag coefficient plotted as a function of 0 in figures 
3.68 and 3*69 

The ratio of the Reynolds number of the air blast wind to the diam- 
eter of the sphere is plotted in figure 3*65 for various incident overpres- 
sures as a function of (t - t^)/t^. At the Reynolds number R^ = 10 , the 
value of the drag coefficient changes abruptly. The ratio of (t - t^)/fQ 

associated with this value of R determines the applicability of either 

e 
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figure 3-68 or 3*69 to obtain for use in equation (3.35). 

The loading in domes calculated by the methods presented in 

paragraph can be in error for large oveipressures . Use of +>, 

nne present 

method should not be made for pressures greater than I5 psi 

3-20 PROCEDURE POE CCMOTATION OF LOADS OK SPHERICAT. Tiompo 

— iSS:. Repeat steDs 

1, 2, and 3 of paragraph 3-09 • ^ 

Step 4. Determine P . knowing a = d and P , fro™ 

0 ^ ^ so’ figure 3.11 

for e <90 . Detemine maximum P^^^ = (I.5 - 0/l8o)p for 9 >90° 

Step 5. Detemine c^^^, knowing from figure 3.21. 

step 6. Detemlpe = 3h/c^^^ for 0 . 90° or t .'(w. , 

(e/90) for 0 > 90 . refl' 

Step 7. Detemine U^, knowing P^^, from figure 3.9. 

Step 8. Detemine t^ = x/U , 

Step 9. Datemlpa (t - at whloh R /D . io 5 /d, inert, 

fgo^ from figure 3.65. 

Step 10. Detemine for times less tiian the value of t - t 

obtained in Step 9 from figure 3,68; for times greater than this value^ 
from figure 3.69. 

tep 11. Detemine P^ + by following the procedure of Step 8 
paragraph 3-l2*a. 

Step 12. Plot the curve of ve time for the point selected, 

as illustrated in figures 3.6I and 3.62. 

I^ADING on BUBIED STHJCyjWKG 

3“ 21 LOADING ON BUR TFT) .QnR'RTTnrTTrrn-nio rv,, 

- — method for de termination of eartli 

Ptessure loa^n, „„ 

fect^v,°^ s^^face structures. The soil has an appreciable mass which af- 
caus! ^ overpressures acting on a buried structure be- 

the soil structural elements which are in contact with 

cemmutp^ -i A by an empirical procedure in which the load is 

the mass of motion of the structural element. Hovever, 

of the mas' of oontact with the soil is increased by the amount 

soil adjacent to the structure, but of a thickness not 
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Figure 5 . 65 . Local drag coefficients for spherical dome, R^> 10 
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to exceed tlie span of the element. Other factors which complicate the 
situation are "arching action" and wide variations in the density, moisture 
content, and seismic velocity of the soil with depth and location which 
affect the transmission of pressure waves throu^ the ground. The treat- 
ment helow, which neglects "dynamic arching, " is largely substantiated by 
the conclusions of reference [46]. 

An air blast wave impinging upon the surface of the ground induces 
underground overpressures of a magnitude approximately equal to the blast 
wave overpressure at shallow depths of 5 fo 20 ft [30] in the ground below 
which cause earth overpressures on the sides, roof, and bottcaa of buried 
structures. The pressure wave thus induced in the ground is propagated at 
the velocity C , the seismic wave velocity in ground (see table 3*3) • 1^ 

the ground surface above the buried structures is located in the region of 


Table 3.3. Soil Factors 


Soil Type 

Soil 

Weight 

(Ib/ft^) 

C , Seismic 
s^ 

Velocity 

(fps) 

k. Soil Pres- 
sure Factor 
(Eq (3.40)) 



Min 

Max 

Min 

Max 

Top soil (light dry) 

85 

600 

900 

262 

590 

Top soil fmoist^ loamy silt) 

95 

1, 000 

1,300 

812 

1,370 

Top soil (clayey) 

Top soil (semiconsolidated 

100 

1,300 

2,000 

1,420 

3,370 

sandy clay) 

110 

1,250 

2,150 

1,510 

4, 150 

Wet loam 

Clay (dense wet, depending 

105 


2,500 


5^600 

on depth) 

115 

3,000 

5,900 

8^850 

34, 100 

Rubble or gravel 


1,970 

2,600 

6,4oo 

11,100 

Cemented sand 

i 45 

2,800 

3,200 

9,700 

12,600 

Water -sat'ur at ed sand 

125 

- 

4,600 

- 

22, 500 

Sand 

145 

4,600 

8,400 

26,200 

87,000 

Sand clay 

no 

3,200 

3,800 

10,000 

13,900 

Cemented sand clay 

145 

3,800 

4,200 

17,800 

21,700 

Clay, clayey sandstone 

150 

- 

5,900 

- 

45, 000 

Loose rock talus 

130 

1,250 

2,500 

1,750 

7,000 

Weather -fractured rock 

160 

1,500 

10, 000 

3,100 

l40, 000 

Weather -fractured shale 

150 

7,000 

11,000 

63,000 

156, 000 

116.000 

160.000 

Weather-fractured sandstone 

160 

4,250 

9,000 

23,500 

Granite (slightly seamed) 

170 

- 

10, 500 


Limestone (massive) 

170 

16,400 

20,200 

390,000 

590^ 000 
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regular reflection^ the air blast wave will intersect the 

esj-uuna at an 

acute angle, which is assumed eqixal to zero for ccaaputational purp 

The induced ground pressure wave front is then horizontal, and mov 

ward through the soil and past the structure with a vertical velocit 

On the other hand, if the ground surface above the structure i 

cated in the region of Mach reflection, the air shock wnw ■. 

ve travels parallel 

to the surface of the ground, and the induced ground pressure wave i 
assumed to behave as illustrated in 
figure 3 -TO. The leading portion of 
the ground pressure wave is inclined 
dovmward at the angle 7, whose sine 
is C /U , with the surface of the 

0 o 

ground from the intersection of the 
air shock front with the ground sur- 
face. Although in many cases C 

s 

will Gxc06d ii is r 6 coini]i 0 zid. 6 d. 
for computation that the angle of 


Air Blast Wove 


r * sin"* C,/Uo 
(Assumed Not 
to Exceed 90*) 




/' ' Roof 
Buried Structure 


, Pressure on Underside 
Some os on Roof 


Figure 3. 70. G round vressure wave induced hy 
air blase wave in region of Mach reflection 


inclination of the ground pressure wave with the earth's surface not exceed 

QCS 1 I 


90 which corresponds to the case where 


tJ 


As the ground pressure 


rave iBplnges on a burled structure. It first loads the upper front comer 
and proceeds horltontally across the roof with a velocity U m the dl. 
rection of travel of the air shoci wave and olmuUaneously praceeds verti- 
cally down the front side of the stnioture with a velocity U X tan r. 
After the ground pressure wave has traveled the length of the°roof, it 
proceeds down the rear side again at velocity x tan y. 

men the buried stracture is located in olLr the region of ragulsr 

or Mach raflectlon, the local overpressure on the roof Is approxlmtely 

sqiial to th0 Ov0i^r0ssure nf* fho ■? 

air blast wave on the earth surface P 

burl rl S'PPreciable reflection occurs on the surfaces of a 

bur-^H ® The lateral oveipressure on the vertical sides of a 

buried structure may be conc:-ifiPT^-Ki i 

-UP , derably less than the pressures applied at 

the top surface nf . 

of the water t hi ®P®iiding upon the type of soil and the height 

fliAl vv ^ "value of 0.15P has been measured in tests at Nevada 

vidra the sou a dry slltv clay, static tests on soils Mve 


I 
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3-2la 

demonstrated that the lateral at- rest earth pressure varies from 0.4 to O.5 

of the vertical earth pressure in sandy or granular soils and may hecomfi 

as large as the vertical earth pressure for soft clay soils because of a 

phenomena called plastic flow [43 , 44, and 45], For the type of dynamic 

loading contemplated here, dry clay soils -will probably behave similar to 

granular soils because the load will not persist for a sufficient length of 

time to permit the occurrence of plastic flow. However, it is believed 

that wet clay soils would behave like a viscous fluid and transmit lateral 

pressures instantaneously. For design purposes, it is recommended that 

the lateral overpressure on vertical surfaces of buried structures be 

taken as KP , where K can be evaluated as follows: 
s 

K = 0.25 for dry cohesionless soils 
K = 0.50 for medium cohesive soils 
K = 0.75 for soft cohesive soils 
K = 1.00 below water table 

a. Local Roof Overpressure Regular Reflection Region: The 

local roof overpressure or overpressure at a given point on the roof is 
equal to the air blast wave overpressure on the ground surface with 

t^ = 0, where time t is zero when the ground pressure wave strikes 
the roof of the structure. 

Mach Reflection Region: The local roof overpressure is equal to the 
air blast wave overpressure on the ground surface P^ with t^ - L /U^ 
where time t is zero at the instant the ground pressure wave strikes the 

upper front comer of the stmcture. 

L* is the distance from the point on 

the roof where the pressure is wanted 

to the upper front comer of the 

stmcture « and U is the air shock 
^ o 

front velocity The overpressum- 
time curve is illustrated in 
figure 3 » 71 « 

Average Roof Overpressure 
^roof Regular Reflection Region: 

Average roof oveipressure is 



Figure 3,7L Local roof overpressure vs time 
for buried structure located in regions of 
regular and Mach reflection 
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Figure 3 . 72 . Average roof overpressure vs time 
for buried structure located in region of 
Mach reflection 

air shock wave* 

c . Local Front and Back Wall 


3-21c ■ 

Identical vlth local root 1 

sure * ' f 

Mach Eeflectlon Segl„.. 
average roof overpressure is m., 
trated In figure 3.72. ^ 

pressure rises linearly 
at tlce t = 0 to P^, the lod 
overpressure existing at the ceUe, ; 
of the roof ^ at tine t = i^u 
where = L/ 2 U^ and L = length 
of roof in direction of travel of 


Pj, . and P 
front hack 


Overpressures 
Regular Reflection Region: The local 
front and hack wall overpressures are 
equal to KP^. The time-displacement 
factor is t^ = h'/U^ tan 7 where 
h' is the vertical distance from the 



The overpressure-time curve is illus- 
trated in figure 3*73* 


J VWlA/UPf Uinu 

side wall overpressure vs time for buried 
structure located in regions of regular 
und Mach reflection 

Mach Saflcction Region: The local front ,u:d rear vail ovetpiessmts 
are equal to KP^. The thie-dlsplacement factor lo t, =h'/U tan / for 


the front face and t. = L/u + Ar + ^ ^ 

d / 0 / o ^ rc'^ar face where 


note: 


|Q- 

9 

u 

3 


a 

h. 

« 

> 

O 



^0 + td 


Q f , , q ij. rfUr 1 B-CQ WUC PG t' 

and L are as defined above. The 
overpressure- time cui’ve is illustrated 
in figure 3.73. 

Average Front Wall Overpres- 
sure Regular Reflection Re- 

gion: The average front wall over- 
pressure is illustrated in figure 3«7^‘ 


'Jntony. 

fh overpressure ‘ ““ "" " """ "" 

or structure located in regions overpressure rises linearly from 

of regular and Mach reflection 

rejection Zero at time t = 0 


to KP at 
s 


9 h 
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^ taxi 7, where t^ - h/2U^ tan y and h is the hei^t of the front 

^11 of the structure. 

Mach Reflection Region: The average front wall overpressure is illus- 
trated in figure 3*74. The overpressure rises linearly from zero at time 
^ ^ 0 to KPg at t = h/U^ tan y, where t^ = h/2U^ tan y. 


sure 


gion: 


e. Average Back Wall Oveipres- 

P . Regular Reflection Re- 
■^hach 

“ The average hack wall over- 


pressure is Identical with the aver- 
age front face overpressure. 

Mach Reflection Region: The 
average back wall overpressure is 
Illustrated in figure 3- 75* The 
overpressure rises linearly from 
zero at time t = I'/I^q 
at time t = L/U^ + h^^ tan y. 


|Q- 



Time, t 

Figure 3.75» Average back wall overpressure 
vs time for buried structure located in region 
of Mach reflection 


^side Reflection Region: 

The local side wall overpressure is identical with the local front and rear 


f. Local Side Wall Overpressure ^ 


wall ove ip res sure s. 

Mach Reflection Region: The local side wall overpressure is obtained 
in a similar manner as that for the front and rear wall local overpressures. 
The time-displacement factor is t^ = L'/U^ + k'/u^ tan y where L is 
the horizontal distance from the upper front comer of the side wall and 
h' is the vertical distance from the upper front comer of the side wall 
to the point at which it is desired to obtain the overpressure. The local 
side wall overpressure vs time curve is illustrated in figure 3*73* 

g. Average Side Wall Overpressure Regular Reflection Re- 

gion: The average side wall overpressure is identical with the average 
front face overpressure. 

Mach Reflection Region: The average side wall overpressure is illus- 
trated in figure 3-76. The overpressure rises linearly from zero at time 

t = 0 to KP at time t = L/U + h/U tan y , where t^ - (R/^q 
s ^ o o ^ 

tan 7 )/ 2 . 

h. Overpressure on Underside of Burled Structure,^ The conclusions 
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3-22 


leached in reference [52] 
that the oveipiessures enertelMth 
underside of hurled structure, ' 
an Integral floor are of the sam 
order of magaitude as the oveipres- 
sures on the roof, Therefoi^, it i3 
recanmended that in both the Lguia' 
and Mach reflection regions the hot- 
tcm surface of buried structures wti 
an integral floor be designed to 
support the identical overpressures applied to the roof of the structure 
given in paragraphs 3-21a and b. 

3-22 PROCEDURE FOB COMFUTATIOM OF LOADS ON BUEIED STRUCTURES. Repeat 

Steps 1, 2, and 3 of paragraph 3-09 . 

Step 4. Determine knowing from figure 3.9. 

Step 5* Determine t, . 

d 

Step 6. Determine from table 3-1 or figure 3.22. 

Step 7. Plot the curves of overpressure vs time as illustrated in 
figures 3.71 to 3.76. 





VS time for buried structure in region of 
Mach reflection 


radiation 


KADIATIOH PHE Wg^ A characteristic of an atomic detona- 
■ n is the emission of nuclear radiation. This represents approximately 
per cent of the total energy of a typical air burst. It is expressed 
Q terms of initial radiation and residual radiation. 

Initial radiation is defined as the nuclear radiation which is de- 
rived directly from the Initial fission and ^sion reactions of the detom 
on. It is delivered within approximately the first half minute follovh 

tion and its significant effects are confined to a radius of a few 
^les from the point of detonation. 

sidual radiation applies to the radiation emitted after the first 
tent b fission products, unfissioned residues, and to a limited ex- 

e bomh case fragments and materials such as dust in the air in 
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jii li radioactivity lias been induced. Residual radioactivity, in the ag- 
j. -Sr of an enduring nature; however, its intensity decreases by a 

gregate, 10 

nr natural radiation decay. The residual radiation produced by an 
process 01 

■burst is usually dissipated in the upper atmosphere and does not there- 
ccaastitute a hazard on the ground. However, when a nuclear weapon is 
i tonated at or ne«r the ground level large amounts of the surface mate- 
ials such as earth or water, are drawn up into the cloud. Radioactive 
•sotopes formed as described above became associated in various ways with 
these materials which, being considerably heavier than those resulting from 
air burst, will fall back to the earth's surface in the local area; the 
heavier particles falling nearer to the point of detonation and the lighter 
materials settling out progressively farther downwind. The material so de- 
posited is known as "fallout" and the areas on which it falls are said to 
be radiologically contaminated. With megaton yield weapons, falJ.out may 
extend several himdred miles downwind and cover five to six thousand square 

miles or more. 

Fallout patterns are usually depicted as elongated and cigar shaped. 
Such a pattern would only be found under idealized conditions which seldom. 


if ever, would occur. The existence of complicated wind structures, as 
well as variations of these structures in time and space, may cause extreme 
distortions in the shape of the fallout pattern. In addition, intensities 

within the pattern may be extremely irregular. 

Nuclear radiations consist of neutrons, gamma rays, beta particles. 


and alpha particles. The neutrons, which are subatomic particles of 
neutral charge, are released in the fission and fusion reactions and are 
produced essentially in the first half second after detonation. Gamma ^ 
rays, which are high-energy electromagaetic radiations (lihe X rays), are 
emitted from the fireball as initial radiation and from fission products 
and from the capture of neutrons in bomb fragments and other materials as 
residual radiation. Beta particles, conqiosed of high-speed electrons 
emitted by the radioactive fission products and alpha particles, identifie 
as the nuclei of helium atoms, originate in the unflssloned residues of 
plutonium or uranium. Both the neutrons aud gamma rays have a long range 
in air and are very penetrating. Substantial thicknesses of ma 
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high density are required to reduce their intensity to harmless lev l 

In general, initial gamma radiation is more important than ncn+ 

neutron radia- 

tion for large weapons. However, for weapons of small physical size 
neutron and gamma radiation may be of equal significance, depending ^ 
the characteristics of the shielding provided. Beta particles have 
short range in air and relatively little penetration capability. Beta^^^ 
emitters can damage human tissue when taken into the body, and in addif 
can cause serious bums if they ccane in contact with the skin. Alpha 
particles have an even shorter range in air and are stopped by almost 
type of harrier. They are a hazard only if their emitters are taken i^o 

the body by inhalation. Ingestion or, under limited circumstances, thipul 
breaks in the skin. ’ ^ 

Gamma radiation dosage is measured in terms of a unit called the 
roentgen r^ which is a standard measure of the ionization caused by ga* 
rays in their passage through matter and hence of the injury which is 
caused to a body of living organisms. Initial gamma radiation is a func 
tion of weapon yield, air density, and the distance of the burst from the 
structure. Figure 3-77 gives the intensity of initial gamma radiation at 
any distance from ground zero for a surface burst. 

Neutron radiation dosage, for the purpose of assessing radiation 
Wrd, is measured in rem (roentgen equivalent - mammal) which is the 
amount of energy absorbed in mammalian tissue which is biologically 
equiv^ent in mammals to one roentgen of gamma or X mys. Neutron ladia- 
s a function of the weapon yield, weapon design, air density, and the 
n^s ance of the burst from the target. Figure 3.79a gives the intensity of 
on ra lation at any distance from ground zero for surface burst of 
apons. Figure 3.79h provides similar data for fusion weapons. 

tissu ^ in living 

tissue which may be acu+A ^ , 

rsflT«+' -u ayed depending upon the total amoimt of 

radiation absorbed and the nerirvi a-p 4 -^ 

WhA-n ■ 4 4 P of time within which it is received. 

consider" '^T " 

P-ieat Of dose T' T essentially lade- 

either aa +• osage is received over a long period of time, 

Of la 
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place. Under these conditions of exposure, larger total doses can te 
insofar as early effects are concerned. 

Ultimate body damage resulting from nuclear radiation is a summation 
of the several separate radiation effects Involved- Thus, roentgens of 
gninma radiation received must he added to the roentgen equivalent dosage 
for man (rem) of neutron radiation received in order to obtain the total 
dose. The effects of different amounts of radiation received are shovn in 
table 

A particular effect is associated with a range of doses rather than 
specific dose. This does not necessarily mean that any dose within a given 
range will always result in the effect stated but rather that the dose re- 
quired to cause the effect will fall somewhere within this range. 


Table 3.4. Acute Effects of Whole Body Penetrating on Human Beings 


Dose in 

1 Week, 
rem 

Effect 

150 

Wo acute effects, possible serious long-term hazard 

150-250 

Nausea and vomiting within 24 hours, nomuil incapacitation 
after 2 days 

250-350 

Nausea and vomiting in imder k hours* Some mortality will 
occur 2 to 4 weeks. Symptom- fre^e period ^1-8 hours to 2 weeks 

350-600 

Nausea and vcanlting under 2 hours. Mortality certain in 2 to 

4 weeks. Incapacitation prolonged 

600 

- 

Nausea and vomiting almost imniediately. Mortality in 1 week 



In the absence of directives which stipulate otherwise, it is recom- 
mended that protection provided be sufficient to reduce the combined ini- 
tial gamma and neutron dose to not more tlian 50 rems . This will allow for 
possible later additional dosage received from fallout, within structures 

or outside during decontamination operations, or traversal through con- 
taminated areas. 

radiation SHIEL D IIfG. An important consideration in the de- 
'gn of a protective structure is the provision of adequate shielding 
against the effects of nuclear radiation. In determining shielding 
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requirements, separate consideration must be given to initial radiation and 
residual radiation. However, ultimate body damage resulting from nuclear 
radiation is a summation of all of the separate radiation effects involved; 
jjgjjely, initial gamma, neutron, and residual gamma radiation. 

a. Tndtial Badiation Shielding. The effectiveness of initial radia- 
tion shielding is a function of the composition and geometry of the shield- 
ing material, the energy distribution of the radiation at the target, the 
distance from the detonation source, the angle of incidence of the radia- 
tion, and in the case of neutrons, the configuration of the weapon. Ini- 
tial gamma radiation transmission factors for concrete and earth are given 
in figure 3.78. Similar factors for neutrons are given in figure 3.8O. 

The curves in these charts are based on the assumption that the radiation 
is essentially point source and is perpendicular to the slab of shielding 
material. The transmission factor is the ratio of the radiation dose re- 
ceived behind the shielding material to the dose which would have been 
received in the absence of the shield. 

The factors which determine the effectiveness of an initial gamma 
shield are density and mass. The transmission factors of materials of 
knovn density other than concrete and earth may be estimated by interpola- 
tion on a density basis, between the curves shown in figure 3«78' 

Neutron attenuation rrepresents a more complex problem in which 
several different phenomena are involved. First, the fast neutrons must 
he slewed down into the moderately fast range; the moderately fast neutrons 
must then be slowed down into the slow or thermal range; following which 
the thermal neutrons must be absorbed. This absorption process, referred 
to as radiative capture, is accompanied by the emission of relatively hi^ 
energy gamma rays which must be absorbed by the shielding medium. Figure 
3.80 provides a rough approximation of the neutron attenuation capabilities 
of concrete and earth. More reliable data are not presently available but 
studies in this area are in process. Consequently, neutron attenuation 
data should be checked whenever neutron shielding criteria for specific 
projects are required. 

The procedure for calculating the required shielding thickness for 
initial radiation is Illustrated by the following example: 
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Transmission Factor, 



Thickness of Material, feet 


Figure 3.78. Attenuation of initial gamma radiation 
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Neutron i-<adiation Dose, raa 




Trai 



Thickness of Material, feet 


FiKure 3.80. Attenuation of neutrons 


105 



3-2lH) 


EM 1110-3^5-^13 
1 July 59 

Problem: A personnel structure Is to be designed that win I 

' 3, I 

50-psi incident oveipressure. A 12- in. -thick reinforced concrete roof • 

meet the structural requirement. Determine the earth cover needed to re 

duce the initial gamma and neutron radiation to an acceptable level of 

50 rem. Consider a 100-KT surface burst at a distance that would produce 

the design overpressure. 

The weapon effects data are: 

100-KT Surface Burst 

50-psi overpressure - distsince from ground zero = O.k mne 
(figure 3 •12b) 

0.4-mile distance - gamma = 70^000 r (figure 3*77) 

0.4-mile distance - neutrons = 100,000 rem (figure 3.79a) 

Procedure: From figures 3.78 and 3.8O, the transmission value in 
feet, of concrete and trial thicknesses for the earth cover are found to 
be as follows: 

12 in. of 4 ft of 5 ft of 
Concrete Earth Earth 


Gamma 

Neutrons 


0.19 

0.12 


0.01 

0.003 


0.003 

0.0007 


Try 4 ft of earth cover. The amount of radiation transmitted is: 


Gamma: 
Neutrons : 
Gamma: 
Neutrons: 


12 in. of concrete, 70,000 x 0.I9 = 13,300 r 

12 in. of concrete, 100,000 rem x 0.12 = 12,000 rem 

4 ft of earth, 13,300 x 0.01 = I33 r 

4 ft of earth, 12,000 x O.OO3 = 36 rem 

Total transmitted I69 rem 


This is greater than the maximum acceptable level of 50 rem. Try 5 ft of 
earth cover. 

Gamma: 5 ft of earth, 13,300 x O.OO3 = 39 r 

Neutrons: 5 ft of earth, 12,000 rem x O.OOO7 = § rem 

Total transmitted 47 rem 

Since this is less than the maximum allowable of 50 rem, 5 ft of earth 
cover is satisfactory. 

Radiation Shielding. The problem of shielding from fall- 

rad+Lation is different from that of direct radiation. The main differ- 
ences aire: 
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(1) Badiation from fallout particles persists for a long period of 
time tut at a delaying rate. 

(2) The radioactive particles are spread over large areas. 

(3) The radiation received at a point on the ground comes partly 
frcm the plane area source and partly from scattered radiations or 

"skyshine." 

( 4 ) The energy of the radiation from fallout is much lower than the 
Initial gamma radiation. 

Due to the above characteristics of fallout radiation, the calcula- 
tion of shielding thicknesses is more con^plex than for direct radiation and 
just take into account the time factor and the height, shape, and size of 
the protected structure together with the location of the point of interest 
relative to the surrounding structure. 

Data and design criteria are contained in references [3^ and [49] . A 
detailed method for evaluating the protection afforded hy existing buildings 
against fallout radiation is given in reference [50]. This method can be 
adapted for use in the design of shielding for protected areas in new 
structures . 

3-25 THERMAL RADIATION, a. Phenomena . The tenq)er8,tures in the fire “ hgii 
of an atomic bomb detonation are very high (approximately 330 billion calo- 
ries per kiloton) , resulting in a large proportion of the energy being 
emitted as thermal radiation. The theimal energy reaching any particular 
point is a function of the distance from the detonation, the yield of the 
weapons, and the scattering and absorption caused by the atmosphere. The 
amount of atmospheric attenuation is a function of the visibility, or the 
horizontal distance at which large dark objects can be seen against the sky 
at the horizon. The principal characteristics of thennal radiation are 
that it: 

(1) Travels with the speed of light (l86,000 miles per second). 

(2) Travels in a straight line. 

(3) Has very little penetrating power. 

( 4 ) Can be easily absorbed or attenuated. 

(5) Can be scattered. 

(6) Can be reflected. 
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In view of its speed of travel, the time of arrival at a target is almost 
instantaneous with respect to the detonation. The integrated total thennal 
energy delivered per unit area is plotted in figures 3.81 and 3.82 as a 
function of distance from the point of burst for a clear atmosphere 
(visibility 10 miles). Intensity of thermal radiation falling on any sur- 
face is reduced in proportion to the cosine of the angle that the surface 
makes with one which would be perpendicular to the incidence of radiation. 
Thus, the intensity on a surface 45 degrees from the perpendicular would 
be about 70 per cent of that on a comparable perpendicular surface. 

b. Scaling. If two atomic bombs with total energy yields of 
and Wg are exploded, the proportion of the total energy emitted as 
thermal radiation is approximately the same for each weapon, therefore, 
the thermal radiation energy is proportional to the yield. At a given dis- 
tance from the detonation the total amount of radiant energy on a unit area 
is also proportional to the yield and is shown by the expression 


Qg/^i = (3.36) 

vhere and are the radiant energy on a unit area for the two 
weapons. 

c* Effect on Materials. A surface exposed to thermal radiation will 
ahsorh part and reflect part of this radiation. The amount of the ahsoip- 
tion depends on the material and especially upon its color^ as the darker 
colored materials will ahsorh a much larger proportion than light colored 
materials. The absorption causes the temperature to rlse^ and damaging 
effects may result. 

The most important physical effects of the high temperatures due to 
the absorption of thermal radiation are^ of course ^ charring or ignition 
of combustible materials and the burning of skin. It is very difficult to 
establish definite conditions under which these effects will or will not 
occur^ and their extent; however^ for convenience^ it is found necessary 
to use total energy per unit area criterion. 

Table 3*5 gives data relative to critical heat energies which produce 
various effects on construction material, surrounding foliage, and exposed 
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Distance From Ground Zero, miles 

Figure 3.81. Total thermal energy, surface burst, 10-mile visibility 
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Distance From Ground Zero, miles 
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Table 3.5. Critical Thermal Energies, Construction Materials 


3.25c 


fjaterial 

Type 

Damage 

Energy, 
cal/sq cm 



100 KT ; 

LO MT 

Glass 

Glass reinforced 
with plastic 
(shatterproof) 

Plastics 

Ordinary window 

Bakelite, cellu- 

Highly resistant to heat 
hut brittle and will 
break at low blast pres- 
sures (see reinforced 
glass) 

Surface melts and darkens 

70 

126 

lose acetate. In- 
cite, Plexiglas 

USAF window 

Dense smoking and flames 

430 

750 

Sand 

1/2 in. thick 

Siliceous 

Explodes (popcorns) 

19 

35 

Sandhags 

Cotton canvas 

Chars, bags fail 

18 

32 

Fiherboard 

filled 

Corrugated and/or 

Flames during explosion 

10 

18 

Plywood 

laminated 

Douglas fir 

Flames during explosion 

16 

20 

Wood 

Unpalnted planks, 

Deep charring 

18 

32 

Siding steel, 

Douglas fir 

28 gage + 

Not affected 

107 

-- 

corrugated 





Siding-galbestos 

22 gage 

Flames during explosion 

14 

28 

Electric wire, 

I2-2-6OOV 

Flames during explosion 

13 

26 

ruhher insulated 





EX armored wire 

600v 

Not affected up to 

107 


Rciax nonmetallic 

I9-2-6OOV 

Charring 

8 

16 

Roll roofing 

Mineral surface 

Flames during explosion 

40 

71 

Roll roofing 

Smooth surl'ace 

Flames during explosion 

16 

20 

Grass 

Dry 

Flames during explosion 

7 

16 

Leaves 

Dry fallen 

Flames during e:3q)losion 

5 

10 


111 


EM 1110-3^5-^13 3.26 

1 Jxay 59 

elements of -structures. It will be noted that more beat energy is required 
from the larger weapon than the smaller one to produce the same effect. 
This is due to the length of the delivery time, which means that in order 
to produce the same thermal effect in a given material, the total amount of 
thermal energy (per unit area) received must be larger for a nuclear erqiio. 
Sion of high yield than for one of lower yield, because the total energy 1 b 
delivered over a longer period of time. 

Although a serious hazard, injury and damage from thermal radlaticm 
ffftTi be more easily avoided than can some of the other damaging effects of 
atomic weapons. Shelter behind any object which will prevent direct ex- 
posure to rays from the detonation is sufficient protection. A wall or any 
other screening object, even clothing, will provide a shield from thermal 
radiation. 


CRATERING 

3-26 CRATERING PHENOMENA. When an atomic bomb is detonated near the sur- 
face of the ground, a crater is formed in the ground under the explosion 
as shown in figure 3 •83* Two zones of disturbance in the soil around the 
crater are distinguishable. One, the rupture zone wherein the soil has 

L Dp-3.onc I 




Figure 3.83. Typical crater 
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a- lip 


R ^gen violently ruptured, the other, the plastic zone wherein the soil has 
pgjoanently deformed hut without visible rupture. If the material 
oasists of rock there will be a rupture zone but little or no plastic 
gje Some of the material thrown out of the crater falls back to form 
ip around the edge. The height of the lip and the extent of the rapture 
plastic zones are functions of the crater diameter and depths, as indi- 
cated in figure 3.83. 

The limits of the rupture zone represent the closest distance to a 
cratering explosion at which it is feasible to construct a resistant struc- 
ture Due to the detrimental effects of the material thrown out of the 
crater, the hi^ ground accelerations and displacements, and the high in- 
tensity of the blast pressures and radioactivity, it is not considered 
practicable to design protected structures to resist the effects within 
the radius of the crater lip or within approximately twice the crater 
radius. At distances greater thsm this, the pressure exerted on buried 
structures by the directly tnmsmitted ground shock is less than the earth 
pressure caused hy the air blast wfive. Althou^ the directly transmitted 
ground shock is inltialiy of higher nuignitude than the air blast wave, it 
is attenuated at a grejiter raite than the air blast. 

The depth and difunetcrr of the crater depend upon the characteristics 
of the soil and upon the enerfry y ield of the explosion as given hy 
figure 3 '84. 


'I 


113 


000*01 


EM 1110-3^5-^13 
1 July 59 


3-26 



Figure 3,84. Crater diameter and depth for a surface burst, (Apply factors given above for different soil types J 
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TRAHSOinC DRAG PRESSURES 


A-Ol tntRODUCTIOH. TMb appendix is concerned with the calculation of 
nuclear hlast pressures on aboveground earth-covered structures, such as 
Bliowii in figure A.l, which will he applicable to pressure levels above 
25 psig- 

Blast loading 
on structures may 
be divided into two 
stages, i.e. the 
diffraction phase 
and the enveloped 
phase. When the 

(a) Case 1 

pressure at the 
rear of the surface 
attains the value 
of the pressure in 
the blast wave, the 
diffraction process 
may be considered 
to have teiminated, 
and subsequently. 

Figure A. I. Aboveground earth-covered structures 

steady state condi- 
tions may be assumed to exist until the pressures have returned to the am- 
bient value prevailing prior to the arrival of the blast wave. The dif- 
fraction phase pressures on the surface of the earth cover may be computed 

by methods set forth in M 1110-3^5-^13 and EM 1110-3^5-^20; ho¥eTer, little 
information is available concerning the enveloped phase pressures* The en- 
veloped phase pressures consist of the incident pressures plus the dynamic 
pressures* This appendix presents a solution for obtaining the enveloped 
phase pressures on wedge-shaped earth covers similar to those shown in 
figure A*l« The pressures transmitted through the earth to the structure 
^y be computed by methods described in EM 1110-3^5-'^13 1110-3^5-'^20 


16 * L fS* 



(b) Case 2 
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or by use of a Mobr’s Circle Solution. The results are con5)ared with the 
equivalent circle solution given In these manuals. 

The flows considered are those behind the shock waves whose charac- 
teristics are given In table A.l. 

Table A.l. Shock Wave Characteristics, 25 psig to 200 psig 


Shock pressure, psig 

25 

50 

100 

200 

Dynamic pressure, psig 

12.2 

4l 

123 

330 

Shock velocity, ft/sec 

1756 

2216 

2927 

3985 

Sound velocity behind shock, ft/sec 

1309 

1447 

1681 

2064 

Particle velocity behind shock, ft/sec 

868 

1375 

2082 

3059 

Temperature at shock, deg Kelvin 

379 

467 

636 

968 

Density at shock, p x lo'^ Ib/in.^ 

871 

1161 

1526 

1895 

Mach number behind shock 

0.664 

0.951 

1.239 

1.481 

Stagnation pressure behind shock, psla 

53.5 

116 

294 

766 


The flows and the structures are considered two dimensional. This is 
conservative with respect to the pressures on the structure. The effect of 
the structures being finite in the direction perpendicular to the plane of 
figure A.l is to reduce somewhat the pressures near the ends of the struc- 
ture as compared to the pressures computed in the following paragraphs. 

FEA TURES OF THE FLOW. The general features of the flow de- 
pend on the Mach number of the given conditions behind the original shock 
ave. The Mach number is the ratio of the particle velocity to the veloc- 
ity of sound. When all parts of a flow have a Mach number less than one, 
flow is called subsonic. If the Mach number is everywhere greater than 
, e flow is called supersonic. If the Mach number is less than one in 
some places and greater than one in other parts of the same flow, it is 
called transonic. All of the combinations of initial flows and the 
geometries given fall in the transonic range for which both e^eriments 
and theory are, unfortunately, relatively scarce and complex. 

In the subsonic case the usual concept of pressure coefficients Cp 
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to be multiplied Dy the dymmic pressure l/2pv2 are applicable. Coeffi- 
cients given for inccmpressihle flow may be used with less than 1 percent 
error for Mach numbers from zero to 0.1. This covers the range intended 
for most wind load coefficients. Frcm Mach numbers 0.1 to 0. 5 the incom- 
pressible pressure coefficients may be used if first multiplied by - ^ 
jjiig is the Prandtl-Glauert rule. (See reference [a. 2], p I39). p^^l - 
larger Mach n-umbers, more elaborate methods must be used. 

In the supersonic case the flow pattern is illustrated in figure A, 2. 



On bitting the comer at k, the flow forms a shock wave which turns the on- 
coming flow abruptly, eo it is parallel to AB. This causes a pressure 
rise. At B, the flow goer, through a Prandtl-Meyer expansion fan which 
again turns the flow, this time with a pressure reduction. At C there is 
another expansion fan fuid then a compression shock wave at D returning the 
flow to its origiiuil direction. The changes of pressure, density, teipera- 
ture, etc., at each shock and expanBion can he conveniently figured using 
figures A. 3 through A- 5- The pressure is relatively constant on each of 
the faces AB, BC, and CU, bein^' of course greatest on AB. The shock wave 
at A is called an attached shock wave because it starts right at A. As the 
Mach number decreases toward one, there will he a certain Mach number 
(figure A. 6) at which the attached shock will no longer he possible for the 
given angle 0. Below this Mach number the shock wave is detached as shown 
in figure A. 7 and the flow will he in the transonic range. 

In the transonic flow shown in figure A.J , the flow is supersonic 
throughout except for the embedded subsonic region EFBAE. The initial 
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Figure A. 3, 


PRi 


40 


30 


20 





MACH NUMBER (M.) 

Stagnation measure ratio across a normal plane shock (psia) 






Figure A. 5a. Ratio of static pressure , p, to total pressure , p^ vs Mach nun^er , if. (Reference A, 10) 
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flov is assimed supersonic, 
i*e. M > 1. (Reference 

[a.t].) 

As the initial Mach 
number decreases to 1, the 
detached shock in figure 
A. 7 foims further ahead of 
point A. When the Mach 
number falls below 1, the 
typical sitmtion in the 

Figure A.6. Maximum deflection angle for which the transonic range is as 

shock wave will remain attached (reference[_^) shown in figure A.8 with 

one or more supersonic i-egiohs embedded in the subsonic flow. The condi- 
tions shown apply to Mach numbers not too close to one. As the Mach num- 
ber increases and approaches one, the supersonic regions grow and coa- 
lesce, finally covering the structure from B to D. In this condition 
tbere would be a shock wave starting from D as in figure A.f. 

The flows shown in figures A.? and A.8 have certain features of 
interest in common. In both cases the pressure at A is equal to the stag- 
nation pressure of the subsonic flow upstream of A. At B the local Mach 
number is always unity at the start of the e^sion fan. These facts have 


F 


SONIC LINE 



125 


EM 1110-345-413 
1 July 59 


A-03a 



■been esta'blished experimentally and theoretically (reference Ca.6]). 

Further, it has been shovn that the pressure distrihution. on the face 
AB is the same for a wide range of transonic flows for a given angle 6 
when the pressure is expressed in terms of the stagnation pressure rather 
than a pressure coefficient (reference [A. 5 ], p 255^.*- These facts are the 
basis for the method used below in computing the pressure distribution for 
the cases at hand. 

A -03 METHOD FOR COMPUTATION OF PRESSURES IN THE TRANSONIC RANGE . 

a» Cases In Which The Initial Flow Is Supersonic * The two highest 
pressure shock waves of 100 psi and 200 psi shock pressure yield an initial 
flow which is supersonic as shown in Table A.l. In these cases the condi- 
tions shown in figure A. 8 apply. 

The first computation is to find the stagnation pressure in the sub- 
sonic region. This may be conveniently done using figures A, 5 and A,-5, 

This stagnation pressure at point A, (figure A, 9) is obtained by first 
determining the supersonic downstream pressure, Psi, corresponding to the 
freestream Mach number, M^ = M^, from figure A,3 (using Y = 1.^), then 
using figure A, 3 to determine the 
pressure at A, Ps2, For points be- 
tween A and B, for the particular 
angle involved (0 = 26 , 6 °) there are 
fortunately both theory and experi- 

..nts available giving the ratio ot ^ 
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B pr6ssur‘e stt any Boint* v* +•/-» -j-'u 

Ihe=e ratios are plotted la figure TsTT "'• 

in lable A.2 * A-6 and are summarized 


Table A.2 -f££££f«2at *, p , 

Pressure at A, ^ ~ 26.5° 


--y rs 

(From figure 16 of reference fA.6l ) 

^ r^~T 


1 

0.875 

o.dko 

0.822 

0-.793 

0.772 


0.743 

0.723 

0.687 

0.655 

0.528 


«>ces deal „ith vedgel aTsl™ 

* The structures considered 
^lerein are effectively one-half of the 
^ ^ wedges tested, 

<f'^e = 53,2° ,, avail- 

► *1=- a e are concerned primarily with the 

“ost heavily loaded 

region and the relatively precise data 
Figure A.IO. Typical u,edge profile ^*2 is applicable. Un- 

not available for the faces BC and 

results and of the underlying theory the follir^^^ ®^^nation of test 
conservative and adequate, though lacking th ^ i® suggested as 

AB. ^ precision as the loads on 


Figure A.IO. Typical wedge profile 


The pressure at B, on the rp 
assuming there is a Prandtl-Meyer expalionT 

e^pension end oompenssting iZsritl'^^^ " “ — 
Obtained b, determinins the »>oh number. „ . » the ;c 
oorresponding to the deflection angle « . fg 6“ from ^ a““* 

BC there .. be some neah or er!: rsl^—^ p:" 
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exact data is not available, but their effect will be to increase the 
pressure. A reasonable estimate for the cases being considered is that 
the flow is returned to the pressure of the original supersonic flow up. 
stream of E by the time the corner C is reached. In the absence of exact 
data a linear distribution of pressure between B and C is assumed. 

At C, the pressure on the downstream side may be estimated by 
assuming a Prandtl-Meyer expansion fan starting from the free stream 
Mach number. Along the face BD, it is suggested that the pressure be 
assumed uniform because this region is shielded from the influences that 
can cause pressure rise along BC. The pressure on CD may be obtained 
from figure A.4 and A.5a as follows: (1) enter figure A.h with free 
stream Mach number to obtain the Prandtl-Meyer angle, 0, (angle thjjii 
which a supersonic stream is turned to expand from M = 1 to M?'!), (2) 
add 0 to the deflection angle ( 26 . 6 ® for our case) to obtain the ratio 
p/Pt where p is the static pressure on face CD and Pt is the total pressure 
downstream of C. Since there are only isintropic processes between A and 
D, Pt is the same as at A, (3) compute p from the ratio p/Pt. 

b. Cases In Which The Initial Flow is Subsonic . The shock waves of 
25 and 50 psi in Table A.l have original Mach numbers less than one. In 
these cases, the pressure at A is the stagnation pressure given in Table 
A.l and is obtained from figure A. 3 only by entering the figure with the 
free stream Mach number to obtain the pressure ratio. 

The coefficients given in Table A. 2 apply for the region AB, using 
the stagnation pressure as given in Table A. 2 for the angle G = 26.6® 

The pressure on the downstream side of B is computed assuming an 
expansion fan from Mach number one and may be obtained from figure A. 3 
and A. 4 for 0 = 26.6® as for the supersonic case. A linear pressure rise 
is assumed from B to C, reaching the free stream pressure at C. 

The downstream pressure at C is estimated according to their being 
a separation of the subsonic flow at the corner and with thf help of 
experimental data (reference A. 9.) Simple inviscid theory would indi- 
cate that the flow expands to zero pressure at the corner and thereafter 
resumes free stream velocity. However, since for these Mach numbers of 
approach to an edge of such a large angle as that at C, the flow separates, 
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Viscous can not W Ce^erence ..9) 

is rcfeccnca 4.9 33 for station 12 16) ■ ista 

flection at an angle if attack f 4-v * ^ 

1.-, ^ attack of the flap of -Qo t+. -, 2, 

ble to have data for a le;,d-in ^ P ^ 9 . It would be desira- 

a».ie Of attack of t j ^Vr^T “ 

--le at tnia tine. Z p™ 0!:^:“ -T ^ ^ 

sated by the above teat data la between -0.6 and 0 7' , “ 

Static pressure (psia) p - f . ^ ^ 

pressure, ^ 

a wedge to represent flow on a half 

as we did on the forward face AB th""^ a straight section, 

e^ged plate at an angle of attack of'^eVl" 

a sharp corner of 26 6» wifv. >i represent the flow around 

flow la separated and P i! c^ T*"””’ A-? show that the 

it surely is also for a= 26 T" 

i3 used for both the 23 :nd ;o ;i!:a:t: 

pounds^ITsqua^rT^^rU^ute) ^ ^ absolute pressures in 

Shock waves of 25, 50, 100, and L "" 

tion of the pressui^ along AB in T exact varia- 

coefficients of table A. 2 to the p^ applying the 

in^achcase. For comparison the A.9) 

equivalent circle method deserted LTmo^T^ir" 

IS shown for the 25-psig level, and the 200- • ^ ^ 1110-345-420 

A. 13. The values given in figure a. 11 ^ figures A. 12 and 

but the preceding method is also ea ‘i ^ 

tl-e. applied to shocks which vary with 

The pressures given are intend.,^ ^ 

SW in fi^re A.l(a) and figjrA ^ ^ ^ 

BC in the two cases will, in fact mak T ^ "^^^^arence in the length of 
distribution and the available inf +• “l^llerence to the pressure 

computing these variations, it wo mV'' Provide any basis for 

now over a douhle-wedge p^of^LT 3°^ ^ “ ^or 

able to locate any data for this range. 
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PRESSURES. PSI ABSOLUTE. FOR I00PSI6 SHOCK WAVE 
716 



PRESSURES, PSI ABSOLUTE, FOR 200PSI6 SHOCK WAVE 


Figure A. 11. Steady state pressures for the structures in figure A.l 
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twulVALENT CIRCLE METHOD 


' •-m lliu** 0 

note: all pressures a 


and EM 1110-345-420) 
absolute 


pressure a 25 
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ae above 

- tbe ^., 0 , ^ r:r:o’r 

- <=c».lcal-sbeped atru=tu« does It *''° ^enslonal. 

-mcdeats se^^eted above sbcudd al T ^ «- 

/ be eonservatlve as far 

Side Is concerned. heavily loaded wlndwani 

Field measurements on fiiii - i 

tbe 1957 nuclear test aerleatjuTr'^ 

“ °°* available at the th»a of thl" ^ 

'->1 nnis report. 
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